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FOREWORD 


This  report  was  prepared  by  the  Textile  Division,  Mechanical 
Engineering  Department,  Massachusetts  Institute  of  Technology  under 
U.S.A.Fo  Contract  Mo.  AF  33(616)-5864.  The  contract  was  initiated 
under  Project  No.  7320,  Air  Force  Textile  Materials.  Task  No. 

73201,  Parachute  Materials  and  Functional  Textiles.  The  work 
was  administered  tinder  the  direction  of  the  Materials  Laboratory, 
Directorate  of  Laboratories,  Wright  Air  Development  Center,  with 
Lt.  Ben  R.  Fox  acting  as  project  engineer. 

This  report  covers  the  period  of  work  from  July  1,  1958  - 
June  30,  1959. 
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experiments  of  this  program  and  in  preparing  its  report.  Par¬ 
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of  Minnesota  for  many  helpful  discussions  and  free  exchange  of 
unpuf.'vlished  data  pertinent  to  the  completion  of  this  project. 
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ABSTRACT 


The  air  flow  characteristics  of  parachute  canopy  clotl^.hava_ 
-been- measured  over  an  imusually  wide  range  of  test  conditions.  High 
altitude  simulated  tests  (ip  to  150,000  feet)  have  shown  the  cloth 
to  have  markedly  low  flow  rates,  as  may  be  predicted  from  a  nozzle 
flow  analogy.  A  method  of  predicting  high  altitude  ^havio^j-liae- ‘ 
-been  proposed.  Permeabilities  of  four  cloth^-h^v^-^en  shown  to 
be  significantly  dependent  on  their  state  of  stress  at  the  time  ^  ^ 
of  air  flow  measurement.  The  magnitude  of  this  relationship 
observed  to  be  determined  by  the  biaxial  stress-strain  behavior 
of  each  fabric.  The  air  stream  deflection  tendency  of  thick 
canopy  material  has''^en  verified  and  its  cause  investigated.^ 

The  role  of  pore  geometry  in  influencing  cloth  permeabilitjr^4»a*- 
-bcca-  explored. 

\ 

PUBLICATION  REVIEW 

This  report  has  been  reviewed  and  is  approved. 

FOR  THE  C(MiANDER: 


C.A.  WILLIS 
Chief,  Textile  Branch 
Non-Metallic  Materials  Division 
Materials  Laboratory 


WADC  TR  59-374 


TAbLE  OF  CONiJiNTS 


PAGE 


Introduction . 1 

Part  I:  High  Altitude  Flow . 3 

Description  of  the  A:.a!w-rohere . 3 

Procedure . 12 

Data  and  Data  Processing  .  13 

Data  Representation . 16 

Analysis  of  Flow  Through  Fabrics  at  High 

Altitudes . 27 


Part  II: 


Cloth  Geometry  and  Airflow . 53 

Directional  Effects  .  55 

Prestress  Airflow  Studies  .  67 

Tests  on  Field  Prestressed  Specimens  (Aged).  ...  81 
Fabric  Stresses  During  Air  Flow  Measurements  ...  83 

Hydrostatic  Tests  .  84 

Biaxial  Stressing  and  Embedding  Under  Stress  ...  99 
Geometry,  Stress,  and  Airflow . 139 

Conclusions  X44 

Recossteadatioaa . 

Bibliography . 147 

Appendix  1.  Construction  of  Test  Fabrics  •  •  •  >149 
Appendix  II.  Details  of  Air  Compressor  and 

Steam  Ejector . 151 

Appendix  III.  Flow  Measuring  System . 153 


WADC  TR  59-374 


iv 


LIST  OF  ILLUSTRATIONS 


FIGURE  TITLE  PAGE 

1.  LOW  PRESSURE  PERMEOMETER  TEST  SECTION . 6 

2.  LOW  PRESSURE  PERMEOMETER  -  INLET  SECTION  ....  7 

3.  PRESSURE  MEASURING  SYSTEM  .  9 

4.  LOW  PRESSURE  PERMEOMETER  INSTALIATION . 10 

5.  THREE  STAGE  STEAM  EJECTOR . 11 

6.  PERMEABILITY  OF  FABRIC  S-3 . 18 

7.  PERMEABILITY  OF  FABRIC  S-6 . 19 

8.  PERMEABILITY  OF  FABRIC  E-IO . 20 

9.  PERMEABILITY  OF  FABRIC  S-7,  S-8 . 21 

10.  EFFECTIVE  POROSITY  OF  FABRIC  S-3 . 22 

11.  EFFECTIVE  POROSITY  OF  FABRIC  S-6  . . 23 

12.  EFFECTIVE  POROSITY  OF  FABRIC  E-10 . 24 

13.  FLOW  THROUGH  A  CONVERGING  NOZZLE . 29 

14.  FLOW  CHARACTERISTICS  OF  A  CONVERGING  NOZZLE  ...  32 

15.  FLOW  CHARACTERISTICS  OF  A  CONVERGING  NOZZLE  ...  34 

16.  EFFECT  OF  ALTITUDE  ON  FLOW  CHARACTERISTICS  OF 

CONVERGING  NOZZLE . 36 

17.  NOZZLE  FLOW  ANALOGY  FOR  FLOW  THROUGH  A  FABRIC  .  .  37 

18.  CHOKED  FLOW  COEFFICIENT  OF  FABRIC  S-3 . 42 

19.  CHOKED  FLOW  COEFFICIENT  OF  FABRIC  S-6 . 43 

20.  CHOKED  FLOW  COEFFICIENT  OF  FABRIC  E-l . 44 


21.  PREDICTION  OF  HIGH  ALTITUDE  FLOW  RATES  FROM 

SEA  LEVEI.  data . 46 

22.  PREDICTED  AND  MEASURED  FLOW  RATES  FOR  FABRIC  S-3  49 

23.  PREDICTED  AND  MEASURED  FLOW  RATES  FOR  FABRIC  S-6  50 


24.  PREDICTED  AND  MEASURED  FLOW  RATES  FOR  FABRIC 

E-10 . 51 

25.1  DIRECTION  INDICATOR  ON  PERMEOMl^TER . 56 

25.2  FABRIC-AIRSTREAM  ORIENTATION  SCHEME . 58 

26.  DIRECTIONAL  EFFECTS  ON  FABRIC  E-9  .  64 

27.  PERMEABILITY  AS  A  FUNCTION  OF  PRESSURE  DROP 

AND  FABRIC  STRESS  .  68 

28.  ASSEMBLY  OF  PRESTRESSING  DEVICE . 70 

29.  SCHEMATIC  OF  PRESTRESSING  DEVICE  .  72 

30.  PHOTOGRAPH  OF  PERMEOMETER . 73 

31.  CLOSE-UP  OF  PRESTRESSING  DEVICE  .  74 

32.  VOLUME  FLOW  VS.  PRESSURE  DIFFERENTIAL  SAMPLE 

S-3.  PRESTRESS . 76 

33.  VOLUME  FLOW  VS.  PRESSURE  DIFFERENTIAL  SwU*  S-6 

PRESTRESS . 77 

34.  VOLUME  FLOW  VS.  PRESSURE  DIFFERENTIAL  SAMPLE 

S-8.  PRESTRESS . 78 


WADC  TR  59-374 


V 


List  of  Illustrations  (Cont'd) 


35.  VOLUME  FLOW  VS.  PRESSURE  DIFFERENTIAL  SAMPLE  ElO  .  .  79 

36.  FLOW  CONVERSION  COEFFICIENT  VS.  DIFFERENTIAL 

PRESSURE . 80 

37.  VOLUME  FLOW  VS.  DIFFERENTIAL  PRESSURE  SAMPLE 

S8  AGED . 82 

38.  CLOSED  PRESSURE  SYSTEM  TEST . 85 

39.  LOAD  AND  STRAIN  VS.  PRESSURE  S6 . 87 

40.  LOAD  VS.  STRAIN  S6 . 88 

41.  LOAD  AND  STRAIN  VS.  PRESSURE  ElO . 89 

42.  LOAD  VS.  STRAIN  ElO . 90 

43.  LOAD  and  STRAIN  VS.  PRESSURE  S3 . 91 

44.  LOAD  VS.  STRAIN  S3 . 92 

45.  LOAD  AND  STRAIN  VS.  PRESSURE  S8 . 93 

46.  LOAD  VS.  STRAIN  S8 . 94 

47.  LOAD  AND  STRAIN  VS.  PRESSURE  S80A1 . 95 

48.  LOAD  VS.  STRAIN  S80A1 . 96 

49.  LOAD  AND  STRAIN  VS.  PRESSURE  S80A2 . 97 

50.  LOAD  VS.  STRAIN  S80A2 . 98 

51.  VIEWS  OF  BIAXIAL  STRESS  DEVICE . 100 

52.  ESSENTIAL  PLAN  VIEW®  BIAXIAL  STRESS  DEVICE*  ...  101 

53.  SUCCESSIVE  CROSS  SECTIONS  OF  FABRIC  E9  UNSTRESSED  105 

53.1  FILLING  SECTIONS  OF  FABRIC  E9  UNSTRESSED . 106 

53.2  FILLING  SECTIONS  OF  FABRIC  E9  UNSTRESSED . 107 

53.3  FILLING  SECTIONS  OF  FABRIC  E9  UNSTRESSED . 108 

54.  SUCCESSIVE  CROSS  SECTIONS  OP  FABRIC  E9  STRESSED  .  109 

54.1  FILLING  SECTIONS  OF  FABRIC  E9  STRESSED . 110 

54.2  FILLING  SECTIONS  OF  FABRIC  E9  STRESSED . Ill 

54.3  FILLING  SECTIONS  OF  FABRIC  E9  STRESSED . 112 

55.  GEOMETRY  OF  CLOTH  STRUCTURE . 113 

56.  CORNLR  OF  EMBEDDED  FABRIC  .  113 

SHOWING  SUCCESSIVE  SLICES  . 

57.  FABRIC  S6  20X .  114 

58.  FABRIC  ElO  20X . 115 

59.  FABRIC  S3  20X .  116 

60.  FABRIC  S8  20X .  117 

61.1  SECTIONS  OF  FABRIC  19 . 118 

61.2  SECTIONS  OF  FABRIC  19 . 119 

61.3  SECTIONS  OF  FABRIC  E9 . 120 

61.4  SECTIONS  OF  FABRIC  E9 . 121 

62.1  SECTIONS  OF  FABRIC  ElO . 122 

62.2  SECTIONS  OF  FABRIC  ElO . 123 

62.3  SECTIONS  OF  FABRIC  ElO . 124 

62.4  SECTIONS  OF  FABRIC  ElO . 125 

62.5  SECTIONS  OF  FABRIC  ElO . 126 

WADC  TR  59-374 

vl 


List  of  Illustrations  (Cont'd) 


62.6  SECTIONS  OF  FABRIC  ElO . 127 

62.7  SECTIONS  OF  FABRIC  ElO . 128 

63.1  SECTIONS  OF  FABRIC  S3 . 129 

63.2  SECTIONS  OF  FABRIC  S3 . 130 

64.1  SECTIONS  OF  FABRIC  S6 . 131 

64.2  SECTIONS  OF  FABRIC  S6 . 132 

64.3  SECTIONS  OF  FABRIC  S6 . 133 


65.  CHANGES  IN  FABRIC  GECMSTRY  INDUCED  BY  STRESS:  S3  .  .  134 

66.  CHANGES  IN  FABRIC  GEOMETRY  INDUCED  BY  STRESS:  S6  .  .  135 

67.  CHANGES  IN  FABRIC  GEOMETRY  INDUCED  BY  STRESS:  E9  .  .  136 

68.  CHANGES  IN  FABRIC  GEOMETRY  INDUCED  BY  STRESS:  ElO  .  137 

69.  WEAVE  PATTERNS  OF  TEST  FABRICS . 150 


WADC  TR  59-374 


vii 


LIST  OF  TABLES 


Table  Page 

1.  Sample  Calculation  Sheet . 14 

2.  Various  Forms  of  Presenting  Air  Permeability 

Data  for  Fabrics . 17 

3.  Operating  Characteristics  of  Converging  Nozzle  ...  33 

4.  Variation  of  Critical  Pressure  Difference  with 

Altitude . 39 

5.  Geometric  Porosity  of  Fabrics . 45 

6.  Directional  Effects  in  Air  Flow  Measurements  ....  61 

7.  Directional  Effects  in  Air  Flow  Measurements  ....  62 

8.  Directional  Effects  in  Air  Flow  Measurements  ....  63 

9.  Biaxial  Stress  Tests  on  Parachute  Cloths . .138 

10.  Construction  of  Test  Fabrics . 149 


WADC  TR  59-374 


viil 


LIST  OF  SYMBOLS 


a  Velocity  of  sound 

OL  Filling  deflection  angle  (see  Fig.  25.2) 

A  Flow  area 

A  The  apparent  area  through  which  the  flow  is  directed 

cl 

A£  The  real  area  through  which  the  flow  is  directed 

^  Warp  deflection  angle  (see  Fig.  25.2) 

C  Effective  porosity,  see  equation  (3) 

Cp  Specific  heat  at  constant  pressure 

Crimp  in  warp,  filling 
Yarn  diameter,  wai^),  filling 
g^  Acceleration  given  to  unit  mass  by  unit  force 
G  Mass  flow  rate  per  unit  area 

Gg  Mass  flow  rate  through  fabric  v;ith  atmospheric  conditions 

upstream  of  fabric,  see  equation  (6) 

H  Fabric  thickness 

J  Mechanical  equivalent  of  heat 

k  Ratio  of  specific  heats 

Kj^,K2  Constants  in  various  equations 

Lw,f  Length  of  warp,  filling  in  unit  cell 

M  Mach  number 

p  pressure 

P2'  Pressure  downstream  of  fabric  in  mm  Hg  below  atmospheric  pressure 

P2"  Pressure  downstream  of  fabric  in  cm  Narcoil  relative  to  McLeod 

gage  pressure 

|iw,f  Spacing  between  warp,  filling  yams 


WADC  TR  59-374 


lx 


LIST  OF  SYMBOLS  (continued) 

Pressure  at  McLeod  gage  in  mm  Hg  (Used  as  reference  pressure 
for  Narcoil  manometer) 

Q  Standard  volume  flow  rate  per  unit  area 

Q'  Standard  volume  flow  rate  per  unit  area  based  on  G_ 

s 

R  Gas  constant 

T  Absolute  temperature 

u  Average  air  velocity  through  fabric,  based  on  appareiit  flow 
■TMand  upstream  density,  see  equation  (4) 

V  Air  velocity 

V  Velocity  of  free  air  stream,  see  equation  (b) 

V  Valve  numbers  (see  Fig.  9) 

r,  1,  z 

w  Mass  rate  of  flow 

w  Mass  rate  of  flow  through  rotameter  under  arbitrary  cali- 
^  bration  conditions 

w^  Mass  rate  of  flow  through  rotameter  under  actual  test  conditions 
^p  Pressure  difference  across  fabric,  Pj^"P2 

?  Air  density 

Air  density  at  standard  atmospheric  conditions,  0.075  Ibm/ft^ 

P  Total  deflection  angle  (see  Fig.  25.2) 

Stress  in  fabric  Ibs/in 
Subscripts 

c.  refers  to  conditions  upstream  of  rotameter  under  arbitrary 
calibration  conditions 

e  refers  to  conditions  at  exit  plane  of  nozzle 

r  refers  to  conditions  upstream  of  rotameter  under  actual  test 

conditions 

o  refers  to  atmospheric  conditions 

1  refers  to  conditions  upstream  of  nozzle  or  fabric 


WADC  TR  59-374 


X 


List  of  Symbols  (continued) 


refers  to  conditions  downstream  of  nozzle  or  fabric 
Stress  in  pounds  per  inch  width 


AIR  FLOW  CHARACTERISTICS  OF  PARACHUTE  FABRICS  AT  SIMULATED  HIGH 

ALTITUDES 

INTRODUCTION 


Satisfactory  perfonoance  of  cloth  parachutes  is  dependent  on 
parachute  design,  on  fabrication  efficiencies  and  on  material  pro¬ 
perties,  Strength  and  air  permeability  constitute  the  pertinent 
cloth  properties  which  influence  chute  behavior.  In  particular, 
the  permeability  of  chute  materials  has  a  strong  effect  on  para¬ 
chute  opening  reliability,  on  opening  shock,  on  stability  and  on 
parachute  drag. 

The  parachute  designer  has  available  nvunerous  results  of  both 
model  and  full  scale  experiments  in  which  cloth  permeability  is  the 
controlled  variable  and  parachute  behavior  characteristics  are  ob¬ 
served  and  recorded.  Numerous  emprical  relationships  have  been 
recorded  in  this  manner.  A  pertinent  example  is  the  dependence  of 
the  drag  coefficient  of  a  parachute  on  cloth  permeability  cited  by 
Johns  (1)  and  later  by  Hoerner  (2) . 

Measurements  of  cloth  air  permeability  are  taken  in  the  tex¬ 
tile  laboratory  under  rather  arbitrary  conditions  of  pressure  dif¬ 
ferential,  average  air  pressure,  and  sample  size.  The  permeability 
units  reported  in  the  textile  literature  are  volume  flow  per  unit 
area  per  unit  time  for  the  given  pressure  differential.  These  data 
are  often  converted  in  the  parachute  literature  to  read  in  terms  of 
effective  porosity,  a  dimensionless  number  corresponding  to  the  ra¬ 
tio  of  average  air  velocity  through  the  parachute  cloth  to  free 
stream  velocity  relative  to  the  parachute.  In  laboratory  calcula¬ 
tions  the  effective  porosity  is  taken  as  the  ratio  of  the  air  per¬ 
meability  at  a  given  pressure  differential  to  that  velocity  of  air 
whose  dynamic  pressure  would  equal  the  specified  pressure  differen¬ 
tial.  This  definition  becomes  specific  only  when  the  air  densities 
involved  in  the  calculation  of  volume  flow  and  velocities  are  spe¬ 
cified,  in  other  words,  when  it  is  stated  explicitly  that  either 
upstream  or  downstream  densities  are  used.  It  is  important  that 
the  parachute  designer  recognize  that  different  textile  laboratories 
have  used  different  conventions  in  reporting  their  data  and  frequently 
the  specifies  of  the  conventions  are  not  sufficiently  emphasized  in 
summary  and  handbook  presentations  of  the  data. 


Manuscript  released  by  authors  August  31,  1959  for  publication  as 
a  WADC  Technical  Report 
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Two  variables  of  permeability  testing  which  have  not  received 
sufficient  attention  to  date  are  sample  tensions  and  average  air 
densities.  Early  work  on  air  flow  through  textile  structures  has 
been  restricted  to  the  case  of  small  pressure  differentials  above 
atmospheric  pressure,  hence,  density  variations  during  test  and 
fabric  stress  build-up  could  be  justifiably  neglected.  With  the 
extension  of  parachute  operations  to  excessively  high  speeds  at 
high  altitudes,  cloth  distortions  and  density  changes  must  assume 
major  roles  in  laboratory  measurements  of  fabric  flow  behavior. 

The  textile  materials  engineer  must  seek  to  control  both  of  these 
parameters,  as  well  as  the  parameter  of  pressure  differential,  for 
the  parachute  designer  will  now  expect  a  more  complete  ch.'iracteri- 
zation  of  cloth  behavior  than  that  previously  provided  for  low 
pressure  differential  atmospheric  density  applications. 

This  report  presents  the  results  of  experiments  and  analyses 
conducted  in  the  Textile  Division,  M.I.T.,  on  the  phenomena  of  air 
flow  through  parachute  fabrics,  with  each  of  the  three  parameters 
controlled  independently. 

Part  I  deals  ^fith  simulated  high  altitude  flow  and  constitutes 
a  study  of  density  effects  over  a  wide  range  of  pressure  differentials 
Part  II  treats  the  stress  buildup  and  accompanying  fabric  dlstortloiis 
as  they  influence  air  flow,  independent  of  changes  In  pressure  dif¬ 
ferential.  This  dual  treatment  provides  the  parachute  designer  with 
added  dimensions  of  cloth  characterization  and,  it  Is  hoped  will  pro¬ 
vide  a  worthwhile  contribution  to  the  field  of  retardation  engineering 

This  is  not  to  Isply  that  all  parameters  of  cloth  performance 
have  now  been  adequately  treated.  As  every  rheologist  knows,  the 
mechanical  behavior  of  synthetic  organic  fibers  Is  dependent  on 
such  factors  as  rate  of  load,  ambient  teoqperature  and  humidity 
and  previous  mechanical  history.  These  variables  have  been  arbi¬ 
trarily  fixed  in  the  experiments  discussed  in  this  report,  as  they 
•kSVS  bssn  in  oT’it'y  of  nizrfXo^  Swizdics  srcpoiTwSd  in  tiHo 

literature.  Clearly,  there  is  much  more  work  to  be  done  before  a 
complete  characterization  can  be  provided  for  textile  materials 
Intended  to  be  utilized  in  high  speed  parachutes  and  retardation 
devices . 
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I  HIGH  ALTITUDE  FLOW 


Introduction 


Tlie  need  for  data  on  the  permeability  of  parachute  materials 
at  high  altitudes  has  become  imperative  in  the  context  of  present 
day  defense  requirements.  Thus,  with  the  increasing  use  of  para¬ 
chute-type  devices  to  recover  missile  components  and  aid  in  the 
maneuverability  of  conventional  aircraft,  a  knowledge  of  the  per¬ 
formance  of  materials  under  actual  conditions  is  necessary  to  en¬ 
able  the  engineer  to  design  efficient  parachutes  for  use  in  every 
region  of  the  Earth's  atmosphere.  This  report  presents  data  on 
conditions  that  obtain  at  sea-level,  50,000  feet,  100,000  feet  and 
150,000  feet.  Experimental  data  on  the  effect  of  the  temperature 
at  these  levels  are  not  presented. 

The  materials  include  one  experimental  and  three  standard 
Air  Force  fabrics  designated  in  the  report  as  S3,  S6,  S8  and 
ElO,  respectively.  These  designations  are  a  continuation  of  the 
system  used  in  an  earlier  report  (3)  submitted  by  the  Massachusetts 
Institute  of  Technology.  Fabric  specifications  are  listed  in 
Appendix  I.  The  data  have  been  reported  in  the  form  of  graphs  of 
air-permeability  expressed  as  cubic  feet  per  minute  per  square  feet 
versus  differential  pressure  across  the  fabric  in  inches  of  water, 

A  method  of  predicting  the  air  permeability  at  altitudes  higher 
than  150,000  feet  as  well  as  the  relationships  between  the  values 
at  various  altitudes  is  given.  The  effect  of  existing  temperatures 
at  higher  altitudes  will  be  two  fold.  1)  that  due  to  the  change  in 
the  density  of  the  air  and-  2)  that  due  to  the  change  in  the  visco¬ 
elastic  properties  of  the  material  itself,  an  attempt  has  been  made 
to  predict  the  effect  of  temperature  changes  on  the  permeability  of 
the  materials  as  influenced  by  density  only. 

Description  of  the  Atmosphere 

The  high  altitude  pressure  simulation  tests  of  this  report 
were  based  on  the  definition  of  the  standard  atmosphere  adopted 
by  the  National  Advisory  Committee  for  Aeronautics  (4) ,  (5) .  The 
values  cf  pressure,  temperature  and  density  of  the  adopted  standard 
are  in  fairly  good  agreement  with  average,  annual  values  of  these 
variables  obtained  at  about  latitude  40*^  in  North  America  up  to  an 
altitude  of  about  20,000  metres  (65,517  feet).  Experimental  values 
of  atmospheric  properties  beyond  this  altitude  have  not  yet  been 
ratified  and  checked  against  the  adopted  standards. 
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The  calculation  procedures  for  the  properties  of  the  standard 
atmosphere  have  been  described  thoroughly  elsewhere  (4) , (5) , (6)  and 
shall  not  be  repeated  here.  The  values  of  atmospheric  pressure  used 
in  this  report^  at  the  altitudes  of  50,000,  100,000  and  150,000  ft 
were  87.0,  8.04  and  1.08  nan  of  mercury,  respectively;  these  are  based 
on  an  arbitrary  constant  value  of  the  gravitational  acceleration. 
N.A.C.A.  TN  1200  (5)  also  lists  data  that  take  into  account  the 
decrease  in  the  acceleration  of  gravity  with  increasing  altitude,  aiSd 
therefore  are  more  precise.  The  difference  in  pressure  is  less  than 
17.  at  50,000  but  at  200,000  ft  the  pressure  calculated  by  the  latter 
procedure  is  about  77.  higher  than  that  calculated  by  the  former. 

Equipment 

The  high  altitude  pemeometer  was  designed  to  supplement  fixed 
compressor  and  steam-ejector  facilities  available  in  the  laboratories 
of  the  contractor.  These  consisted  of  (a)  high  pressure  compressor, 
pressure  regulators,  and  air  filters  and  (b)  three  stage  steam-ejector 
and  auxiliary  instrumentation.  The  fixed  facilities  are  described  in 
Appendix  II.  In  this  section,  only  equipment  constructed  specially 
for  the  high  altitude  permeability  tests  is  described. 

The  permeometer  was  designed  to  simulate  only  the  pressure  at 
the  50,000,  100,000  and  150,000  ft  levels,  but  not  the  ten?)erature. 

The  tremendous  range  of  temperatures  encountered  at  these  altitudes 
would  have  made  the  costs  of  temperature  simulation  prohibitive. 

The  permeometer  is  described  with  the  aid  of  Figures  1,  2,  3, 

4  and  5,  the  last  two  figures  being  photographs  of  the  equipment 
and  the  steam-ejector  respectively.  The  test  chamber  consisted  of 
an  8"  standard  cast-iron  cross.  Figure  1.  Two  legs  of  the  cross 
were  used  for  lighting  and  viewing  the  sample  during  a  test;  the 
windows  were  cut  out  of  3/4"  plexiglass  sheets  and  were  bolted  to 
the  cross  by  means  of  8"  pipe  flanges.  Thick,  soft  rubber  gaskets 
were  used  between  the  flanges  and  the  windows  and  the  cross  to  ensure 
a  good  seal.  The  connection  to  the  6"  tee  of  the  ejector  inlet  was 
made  through  an  8"  to  6"  taper  reducer  and  6"  ball  valve.  Since 
flanged  joints  vjere  used  on  all  the  steel  fittings  in  the  equipment, 
special  precautions  were  taken  to  seal  the  system,  against  leaks  un¬ 
der  the  vacuum  conditions  encountered.  Asbestos  gaskets  coated  with 
Permatex  No.  1*  gasket  compound  were  found  to  be  effective  for  this 
purpose. 


*Made  by  the  Permatex  Company,  Huntington  Station,  Long  Island, 
New  York 
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The  fourth  leg  of  the  cross  was  closed  by  means  of  a  flange 
with  an  0-rlng  seal.  Since  the  flange  was  removed  frequently  to 
change  the  sample^  this  method  gave  a  more  positive  leakproof 
connection.  The  static  pressvire  tap  just  ahead  of  the  fabric 
specimen  was  also  taken  out  through  the  flange. 

Figure  2  shows  the  movable  part  of  the  permeometer,  con¬ 
taining  the  sample  clamping  device,  flow  tube,  control  valves  and 
the  flow-meter.  This  tinlt  was  pushed  back  as  a  whole  from  the 
test  chamber  when  a  test  specimen  was  changed  In  the  jaws.  The 
flange  of  Figure  1  was  siqtported  on  a  3/4"  plywood  platform  on 
wheels  by  means  of  rigidly  mounted  brackets  welded  to  Its  sides. 

The  jaw  plate  was  attached  to  a  short  section  of  2"  pine  which 
was  threaded  to  the  flange  of  Figure  1. 

On  the  other  side  of  the  flange  2"  streamline  copper  solder 
pipe  and  fittings  were  iised.  Figure  2  brings  out  one  desired  aim 
In  the  construction  of  the  equipment,  namely,  a  minimum  of  cons¬ 
trictions  causing  pressure  losses. 

Placing  the  valves  after  the  flow  meter  Instead  of  before, 
assured  better  flow  control,  though  It  produced  more  disturbance 
of  the  velocity  profile  just  ahead  of  the  fabric.  However,  since 
the  flow  took  place  only  through  a  small  area  In  the  center  of  the 
fabric  the  approach  profile  should  have  been  essentially  flat. 

A  2  Inch  gate  valve  was  used  for  coarse  control  of  the  flow 
and  a  3/4"  needle  valve,  for  fine  control.  Flow  measurements 
were  carried  out  with  a  Fischer  &  Porter  Flowneter  and  the  pres- 
stires  at  the  Flovinet<3r  were  read  off  from  a  calibrated  compound 
test  gage  (30"  Hg  to  30  pslg).  A  thermocouple  well  (not  shown) 
and  copper— constantan  thermocouples  were  used  to  measure  the 
temperature  of  the  blowing  air. 

A  solenoid  valve  actuated  by  a  vacuum  switch  was  used  to  shut 
off  the  air  flowing  through  the  fabric  In  case  of  failure.  The  re¬ 
lay  In  the  vacuum  switch  was  set  at  4  mm  mercury  for  the  150,000 
foot  tests  and  at  10  mm  mercury  for  the  100,000  foot  tests.  The 
solenoid  valve  and  a  valve  used  In  the  calibration  of  the  Flowmeter 
can  be  seen  to  the  right  of  the  Flowmeter  In  Figure  4. 

Measuring  Instnanents  such  as  the  pressure  gage  and  the  Flow¬ 
meter  were  calibrated;  the  former  with  the  aid  of  a  manometer  and 
the  latter  using  the  laboratory's  250  cubic  foot  gasometer. 
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Figure  1.  LOW  PRESSURE  PERMEOMETER  TEST  SECTION 
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The  fabric  sanqple  clamping  device  was  similar  to  that  used  In 
a  previous  report  (3)  and  was  designed  to  test  the  permeability 
through  a  small  area  in  the  center  under  uniform  biaxial  stresses. 
Thus^  the  4"  square  test  specimen  was  backed  up  by  a  fortisan-rub- 
ber  orifice  diaphragm  made  in  three  sections.  Two  of  these  sections 
were  cut  out  from  a  0.010"  rubber  sheet  in  the  form  of  6"  squares 
with  holes  along  the  sides  corresponding  to  the  bolt  holes  on  the 
Jaws.  In  the  center,  a  2"  square  was  cut  out  to  allow  the  orifice 
to  be  exposed  to  the  airflow.  Sandwiched  in  between  was  a  3"  square 
orifice  sheet  of  3-ply  rubber  coated  fortlsan  fabric  with  a..l  inch 
diameter  circle  cut  out.  This  circle  formed  the  only  open  area  for 
air  flow.  In  the  case  of  the  tests  run  at  150,000  feet  altitude, 
the  1"  orifice  was  replaced  by  a  3/4"  orifice.  Thus  the  fabric 
cvm  orifice  diaphragm  system  comprised  a  flexible  matrix  of  the 
test  fabric,  thin  rubber  diaphragm,  ofiflce  sheet,  and  thin  rubber 
diaphragm.  It  has  been  shown  (3)  that  such  a  system  is  satisfac¬ 
tory  from  the  viev^olnt  of  maintaining  a  constant  e:q;>osed  area  and 
at  the  same  time  allowing  the  test  fabric  to  bear  all  but  a  neg¬ 
ligible  amount  of  the  flow  derived  loads. 

The  fabric  specimen  itself  was  prepared  as  follows:  Nine  inch 
squares  were  cut  out  from  the  yardage  stqpplled  by  the  Textile  lab¬ 
oratories  of  W.A.D.C.  at  a  sufficient  distance  from  the  edges  to 
eliminate  selvedge  non-uniformity.  These  squares  were  then  laid 
out  on  a  pre- formed  altmiinun  stencil  ^ich  had  holes  along  the 
sides  corresponding  to  the  threaded  holes  on  the  Jaw-plate.  The 
holes  were  marked  on  the  fabric  and  then  burned  through  with  a 
soldering  iron.  Since  these  holes  formed  a  6"  square,  the  extra 
1,5"  on  each  side  of  the  square  provided  enough  left  over  material 
for  handling  the  test  specimen  in  the  clamp. 

The  pressure  measuring  system  of  the  equipment  presented  a 
unique  problem  in  that  an  80-fold  range  of  pressures  was  encountered 
i.e.,  1  an  mercury  at  150,000  feet  to  87  mm  mercury  at  50,000  feet. 
Thus  a  comblnaticu  of  mancmetrlc  devices  was  used  since  no  one  fluid 
could  cover  the  whole  range  satisfactorily.  Figure  3  shows  all  the 
manometers  schematically.  The  aianometer  pj^  was  used  to  meastire  the 
pressure  at  the  Flowmeter  and  the  manometer  p]^  to  measure  the  static 
pressure  Just  ahead  of  the  fabric.  Since  the  pressure  at  these 
points  reached  a  maximua  of  22  pslg  corresponding  to  a  pressure 
drop  of  1000  inches  of  water,  the  manometers  were  built  in  eight 
foot  sections,  and  mercury  was  the  measuring  fluid.  This  may  be 
seen  from  Figure  4.  The  valves  and  were  used  to  control  the 
fluctuation  of  the  column  at  the  beginning  of  a  run. 
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Figure  3.  Pressure  Meosurinq  Svst?m 


@  From  Flowmeter 

From  Fobric  high  pressure  side 
From  Fobric  low  pressure  side 
©  ©  ®  Oil  monometei’  controls 
Me  Leod  goge  control 
Note;  Mercury  barometer  not  shown 
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FIGURE  4.  LOW  PRESSURE  PERMEOMETER  INSTALLATION 


FIGURE  5.  THREE  STAGE  STEAM  EJECTOR 


The  system  vised  to  measvure  the  low  pressure  on  the  high  altitude 
side  of  the  fabric  was  a  cooq;>osite  of  a  mercury  manometer,  Po*' 
ull  manometer  P2"  and  a  McLeod  Gage,  Po'"*  mercury  manometer 

P2'  was  only  used  at  the  50,000  foot  level;  the  oil  manometer  was 
used  at  the  other  altitudes.  The  oil  used  was  a  high  molecular  weight, 
low  vapor  pressvue  ester,  Harcoll  40"  and  was  selected  to  give  greater 
accuracy  when  mea.mring  low  pressures.  However,  eiqiosing  one  leg  of 
the  manometer  to  >’:he  atmosphere  would  have  required  a  coluouv  more  than 
34  feet  in  length.  Therefore,  the  oil  manometer  was  used  in  conjunction 
with  a  vacuum  pump,  the  pressure  at  the  pump  beinginneasured  by  means  of 
a  calibrated  McLeod  gage. 

The  needle  valve  ^2  used  to  control  fluctuation  and  the  high 
vacuvm  stopcocks  V-,  vf,  and  V,  to  regulate  the  initial  lag  in  the 
columns  and  to  de-gas  the  511.  x'^standard  mercury  barometer  (not 
shown  in  Figure  3)  was  used  to  record  atmospheric  pressure  at  sea- level. 

Procedure 


The  first  step  in  the  procedure  was  to  oiount  the  sample.  The 
flange  (Figure  1)  was  loosened  and  the  carriage  pushed  back.  The 
fabric  and  Its  backing  was  aligned  In  the  Jaw-plate  and  the  jaws, 
were  bolted  tight  over  them.  Care  was  taken  to  line  up  the  waii> 
and  filling  yarns  with  the  sides  of  the  jaws  and  keep  as  little 
slack  as  possible  In  the  specimen.  The  test  chamber  was  sealed  up 
and  the  equipment  was  ready  for  use. 

For  the  SC,CC0  feet  runs,  only  the  third  stage  of  the  ejector  and 
the  mercury  manometer  P2'  were  used.  For  the  other  runs,  all  three 
stages  of  the  ejector  and  the  oil  manometer  system  were  used.  The 
oil  system  merits  special  mention;  otherwise,  operation  of  the  various 
stages  of  the  ejector  was  the  same. 

The  ejector  was  started  tq>  and  allowed  to  come  to  equilibrium  when 
dead-ended  at  Its  outlet  to  the  permeometer.  This  usually  took  10-15 
minutes.  Then  the  valve  to  the  test  chaisber  was  opened  very  slowly, 
and  atmospheric  air  was  allowed  to  flow  through  the  Flowmeter  and  the 
cloth.  Coarse  and  fine  control  of  the  valves  just  ahead  of  the  speci¬ 
men  allowed  any  setting  of  pressure  drop  to  be  tsalntalned.  At  this 
stage  valves  V^,  and  V2,  (Figure  3)  were  opened  and  measurements  of 
of  these  three  manometers 7  as  well  as  the  flow  rate  could  be  made. 

Once  the  pressure  recording  system  was  opened  to  the  flow,  control 
of  these  valves  was  no  longer  necessary. 


*Narcoll  40  Is  highly  refined  di-Nonyl  Phthalate  siq>plied  by  the 
National  Research  Corporation,  Newton  Highlands,  Massachusetts 
Density  at  70“  F  ■  0.968  gms/cc. 
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Before  installation  of  the  Narcoil  40  manometer  in  the  system  the 
oil  was  de-gassed  for  2  weeks  under  a  vacuum  of  25  microns.  The  de-gassing 
consisted  of  closing  stopcocks  V2  and  and  opening  Vg  and  Vg  to  the 
vacuum  pump  (Figure  3) .  VHien  no  more  bubbles  came  out  of  the  oil,  stop¬ 
cocks  and  V,.  were  closed  and  this  system  was  ready  for  use. 

The  3  stages  of  the  ejector  were  started  up  and  allowed  to  come  to 
equilibrixjm,  dead-ended.  The  vacuum  puiq>  was  started  and  allowed  to  come 
to  equilibrium  as  shown  on  the  McLeod  gage.  Then,  valves  and  V,  were 
opened  slowly  and  simultaneously  so  that  the  oil  columns  balanced  iach 
other  without  being  sucked  out  one  way  or  the  other.  At  this  stage,  the 
system  was  ready  and  permeability  measurements  could  be  made. 

Except  at  the  highest  flow  rates,  it  was  necessary  to  bleed  in  at¬ 
mospheric  air  to  the  ejector  through  a  needle  valve  at  the  first  stage, 
in  order  to  maintain  a  constant  altitude.  The  setting  of  P2'  or  P2"  would 
depend  on  a)  the  barometer  and  b)  the  pressure  drop  across^the  fabric. 

Once  the  required  pressure  was  calculated  and  marked  off  on  the  manometer 
board,  fine  control  of  the  needle  valve  mentioned  above  was  necessary  to 
make  up  the  quantity  of  air  to  fit  the  optimum  mass  flow  vs.  stage  pres¬ 
sure  relationship  of  the  ejector.  (See  Appendix  II)  Thus  at  the  high 
flow  rates  when  the  ejector  could  no  longer  'puli'  all  the  air  being  fed 
into  it,  the  pressure  and  correspondingly  the  altitude  would  drop. 

The  cofopressor  was  not  started  until  the  presstire  drop  equalled  the 
barometric  leg.  Thus  both  the  pressure  ahead  and  behind  the  fabric  %fere 
sub-atmospheric  up  to  a  differential  pressure  of  406  in  of  water.  At  that 
stage  the  by-pass  valves  of  the  compressed  air  werecopened  until  the  com¬ 
pressor  showed  a  steady  output  and  then  the  air  allowed  to  flow  through 
the  fabric. 

Data  and  Data  Processing 

A  run  consisted  of  mounting  the  test  sample,  setting  the  "altitude" 
level  of  the  test  and  measuring  the  permeability  at  differential  pressure 
intervals  up  to  1000  in  of  water.  In  general,  3  runs  were  made  at  each 
altitude  for  the  4  fabrics  S3,  S6,  S8  and  ElO.  S6  and  ElO  being  heavier 
fabrics,  could  be  tested  at  1000  in  water  pressure  differential.  S3  was 
found  to  break  at  the  jaws  if  this  differential  exceeded  500  in  water 
though  it  has  been  tested  previously  (7), (8)  at  the  higher  value. 

The  maximum  "altitude"  that  could  be  reached  by  the  equipment  was 
140,000  ft.  However  for  reasons  shown  later  the  pexneabllity  was  substan¬ 
tially  the  same  as  it  would  have  been  if  the  equipment  had  reached  the 
150,000  ft.  level.  The  limits  of'hltitude"  of  the  experiments  were  49,500 
*500  ft,  100,000  ilOOO  ft  and  139,000  -  1000  ft. 

After  calibration  with  the  gasometer,  the  flowmeter  was  found  to  be 
accurate  to  -VU.  The  pressure  gage  at  the  flowmeter  showed  a  negligible 
error  over  its  whole  range. 

The  data  were  calculated  as  shown  on  the  san^le  calculation  sheet. 
Table  1. 
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TABLE  1 

SAMPLE  CALCULATION  SHEET 

Fabric  S6 _ Orifice  Diameter  1” _ Room  Temperature  70°F. 


Ntnnber 

Icem  Sample  Data 

Dimensions 

1. 

Barometric  pressure, 

75.84 

cm  Hg 

2. 

McLeod  gage,  P2’** 

0.030 

naa  Hg 

3. 

Oil  manometer,  P2" 

11.10 

cm  oil 

4. 

Oil  manometer 
(item  3  *  1.405) 

7.91 

mn  Hg 

5. 

Pressure  behind  fabric,  p2 

7.94 

mm  Hg 

6. 

"Altitude"  from  graph 

100,000 

ft. 

7. 

Pressure  ahead  of  fabric,  p^ 

49.04 

cm  Hg  abs 

8. 

Differential  pressure,  ^p 
(item  7  -  item  5) 

46.25 

cm  Hg 

9. 

Differential  pressure,  ^p 
(item  8  x  5.34) 

258 

in  H2O 

10. 

Pressure  ahead  of  Flowneter 

Pr 

29.33 

In  Hg  abs 

11. 

Flow  rate,  w 
c 

17.89 

Ib/hr 

12. 

Correction  factor 
(  Vitem  10  ■»  4.082’’) 

2.69 

none 

13. 

Corrected  flowrate,  w 
(item  11  X  item  12)  ^ 

48.21 

Ib/hr 

14. 

Flow  per  unit  area  G 
(Item  13  X  3.06) 

147.5 

Ib/min  ft^ 

15. 

Standard  volmetrlc  flow  rate, 

Q  (Item  13  X  40.8;  or  Item 

14  t  0.075) 

1967 

ft  /min  ft 
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Notes  on  Sample  Calculation  Sheets 


The  temperature  of  air  was  70  -  3°  F  In  all  experiments  because 
of  the  heat  exchange  system  on  the  conq>ressor  line.  Thus  no  temper¬ 
ature  correction  was  necessary  for  the  flow  rate  or  for  the  manometrlc 
legs.  The  ratio  of  the  density  of  mercury  to  that  of  Narcoil  40  is 
14.05.  Item  5  shows  the  calculation  for  the  cases  of  the  100,000  ft 
and  150,000  ft  runs.  At  the  50,000  ft  level,  the  mercury  manometer, 

P2'  was  used.  However,  it  was  also  used  as  a  check  at  the  former 
levels . 

The  flow  rate,  item  11,  was  calculated  from  the  calibration  curve 
of  the  Flovmeter  (Appendix  111) .  This  rate,  in  Ibs/hour  of  air  had 
to  be  corrected  to  the  test  condition,  since  the  Flowmeter  was  cali¬ 
brated  at  pressures  different  from  the  test.  This  was  done  as  follows: 
Let  w  ,  p  ,  T  be  the  mass  flow  rate,  Ib/hr,  pressure  ahead  of  Flovimeter 
and  aBsolute  Benperature  for  the  calibration  conditions  of  the  Flowmeter. 
Then  at  any  other  condition  p^  and  T^  the  flow  rate  w^  (for  the  same 
float  reading)  is  given  by: 


(1) 


The  temperature  ratio  was  equal  to  1.0  in  all  the  rtins  of  this  report. 
Items  14  and  15  represent  the  end  results  of  the  data  processing. 
Special  attention  is  drawn  to  them.  Item  14  represents  the  mass 
flow  rate  per  unit  area  of  exposed  fabric  under  the  existing  test 
conditions.  Item  15  is  the  volume  flow  rate  corresponding  to  item  14, 
assuming  a  standard  air  density  of  G.C75  Ib/ft*^.  This  method  of  pre¬ 
senting  the  data  differs  from  that  of  LaVier  and  Boteler  (7)i,  in  that 
they  present  air  permeability,  -  cubic  feet  of  air  per  minute  per 
square  foot  of  fabric  if  the  approach  pressure  is  one  atmosphere  and 
the  teo^erature  70'’F.  The  reason  for  the  change  is  explained  in  the 
section  on  Data  Representation  where  previous  work  is  evalviated. 

For  the  present,  it  may  be  stated  that  the  method  used  here  is 
most  convenient  when  dealing  with  compressible  flow  and  makes  no  as- 
stm^tlon  as  to  the  nature  of  the  individual  fabric  pore,  i.e.,  whether 
it  is  a  nozzle  or  a  sharp-edged  orifice,  etc.  To  convert  the  data  of 
LaVier  and  Boteler  (7)  and  others,  a  flow  unit  conversion  coefficient 
for  data  taken  at  sea-level  is  enclosed  in  Part  11.  This  conversion 
will  only  apply  for  70'’F  air. 
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Data  Representation 

This  section  presents  the  experimental  results  of  the  simulated 
high  altitude  air  flow  studies  in  terms  of  standard  voliane  flow  rate 
per  unit  area,  Q,  and  effective  porosity,  C,  versus  pressure  drop  a- 
cross  the  fabric,  AP*  As  discussed  previously  the  standard  volume 
flow  rate  per  unit  area,  Q,  ft^/min  ff^  is  calculated  from  its  defi¬ 
nition. 

Q»  (2) 

\s 

where  w,  Ib/min  is  the  measured  mass  rate  of  flow  through  the  fabric, 
A,  ft^,  is  the  area  of  the  fabric  exposed  to  the  air  flow,  and  is 
standard  air  density,  0.075  Ib/ft^.  The  effective  porosity  is  calcula¬ 
ted  from  its  definition 


where 


u  =*  w/A 


and 


Here  u  is  assumed  to  represent  an  average  air  velocity  through  the 
fabric  and  is  based  on  the  measured  mass  flow  rate,  w,  exposed  fab¬ 
ric  area,  A  and  the  actual  air  density 4iead  of  the  fabric,  under 
test  conditions.  When  atmospheric  conditions  prevail  upstream  of 
the  fabric  u  and  Q  are  the  same.  V  is  the  velocity  of  an  air  stream 
of  density  ^ich  possesses  a  dynamic  pressure  equal  to  Ap. 

La  Vier  and  Boteler  (7)  (p.  13)  have  shown  another  method  of 
calculating  the  data  in  their  report.  This  method  is  based  on  an 
assumed  behavior  of  the  pores  as  being  similar  to  an  orifice  in 
lnccmq>ressible  flow.  Though  not  mentioned  explicitly.  La  Vier's 
calculations  (8)  (page  19  item  28)  are  based  on  the  same  assumption. 
So  are  the  three  reports  of  the  Fabric  Research  Laboratory  (9) (10) 
(11)  and  a  previous  report  of  this  laboratory  (3) .  It  is  suggested 
here  that  this  assijaq)tlon  is  questionable.  LaVler  &  Boteler  start 
with  the  equation: 

G  (6) 
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v^ere  It  Is  desired  to  e^qpress  G  the  mass  flow  rate  per  unit  area  at 
test  conditions  In  terms  of  a  standard  mass  flow  rate  par  area,  Gs 
under  the  same  conditions  of  pressure  drop  and  with  standard  density,0 
ahead  of  the  fabric  A  large  amount  of  data  Is  available  (9)  (10)  (11) 
to  show  that  the  flow  across  a  fabric  Is  not  necessarily  proportional 
to  the  square  root  of  the  l^>osed  pressure  drop.  Even  If  such  a  pro¬ 
portionality  wore  true  In  Incompressible  flow,  the  use  of  equations 
(6)  is  unjustified  when  pressure  drops  of  the  order  of  1500  In.  of 
water  are  Imposed  across  the  fabric  (8) ,  with  a  downstream  pressure 
equal  to  or  less  than  atmospheric.  Such  conditions  would  lead  to 
compressible  flow  within  and  downstream  of  the  fabric.  From  equation 

(6)  it  follows  that  G  can  be  written 

8 

or  a  standard  volume  flow  rate  per  area,  Q' ,  can  be  defined  from 
equation  (7)  as 

Q.  ,  -  G/\/^  (8) 

It  Is  this  quantity,  Q',  Uulch  has  been  reported  in  (7),  (8),  (9),  (10) 
and  (11)  and  not  Q  as  defined  by  equation  (2) .  It  Is  obvious  that  Q 
and  Q*  arc  related  by  the  simple  equation 

Q  “  ’i'y/UJ, 

Table  2  sunomarlzes  the  various  forms  of  presenting  data  and 
factors  for  converting  these  forms  to  the  effective  porosity. 

Figures  6-12  Inclusive  present  the  graphical  relations  between 
Q  and  Ap  and  c  and  Ap,  respectively,  for  the  test  fabrics  sub¬ 
mitted  by  WAOC. 


TABLE  2 

VARIOUS  FORMS  FOR  PRESENTING  AIR  PERMEABILITY  DATA  FOR  FABRICS 


Reference  Method  of  Presenting  Conversion  Factor 

_ Data _ To  Effective  Porosity,  C 


a.  (3)  (7)  (8)  (9)  (10) 

Multiply  by  0.00058/  ^Ap 

(11) 

Q’ 

b.  Present  Research 

Q 

Multiply  by  0.000159/\/Ap 

c.  University  of  Minnesota 
(12) 

c 

9 
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S-3  :  MIL-C-7350B  Typt  I. 


aFFEREHTM.  PRESSURE  ACROSS  FABRIC  (Mm  mitr) 
Figurt  6.  f%rmt  ability  of  Fabric  S'B 


iB 
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S-6  :  MIL-C-80218  Type  II. 


DIFFERENTUL  PRESSURE  ACROSS  FABRIC  (Mm  woter) 
Figure  7.  Permeobility  of  Fobric  S~6 
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E-  10 


UFFERENTML  PRESSURE  ACROSS  FABRIC  (Mm  wottr) 


Figures.  Pcrmeobiity  of  Fabric  E*~iO 
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VOLUME  FLOW  x  K)’*  (  S.C.F.M  /  ft*  ) 


S-7  ;  S-e:  MIL- C  “  25174  Type  II . 


DIFFEREHTUL  PRESSURE  ACROSS  FABRIC  (M»«  water) 
Figure  9.  Permeobility  of  Fobric  $-*7  »  S'-B 
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Figuri  JO.  Efftctiv*  Porosity  of  Fabric  S~3. 
WAOC  TR  59-374 
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MIL- C“  8021  B  Type  II. 


EFFECTIVE  POROSJTY,  C  »  10^ 


E-K) 


0  aOO  400  600  800  1000  1200 


PFFERENTIAL  PRESSURE  ACROSS  FABRIC  (  nchttt  woHr) 
Figure  12.  Effective  Poroeity  of  Fobric  E-IO. 
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Figure  6  shows  the  experimental  data  for  Fabric  S3.  The  curves 
shown  are  for  altitudes  of  sea  levels  50,000,  100,000  and  150,000  ft. 

At  all  altitudes  the  flow  rate  increases  steadily  as  the  pressure 
drop  across  the  fabric  is  increased.  At  a  Ap  of  500  inches  water 
and  sea  level  conditions,  the  flow  rate  through  the  sanq>le  is  about 
10,000  SCm/ft^,  while  for  altitudes  between  50,000  to  150,000  ft. 
the  flow  rate  has  decreased  to  about  4400  SCFM/ft^.  The  Individual 
mean  curves  representing  the  flow  rates  at  50,000,  100,000,  and  150, 

000  ft  are  grotq>ed  about  an  average  mean  curve  with  -  10%  or  less  at 
all  values  of  Ap.  At  a  given  value  of  Ap,  the  flow  rate  is  highest 
for  an  altitude  of  50,000  ft  and  lowest  for  an  altitude  of  100,000  ft. 

The  original  data  show  very  little  scatter  and  the  data  for  100,000 
and  150,000  ft  are  practically  coincident.  It  will  be  showr:  later  that 
the  curves  for  the  three  highest  altitudes  should  be  very  close  together, 
but  should  also  show  decreasing  flow  rate  with  increasing  altitude. 

Figure  7  shows  the  experimental  data  for  Fabric  S6.  At  all  alti¬ 
tudes  the  flow  rate  increases  with  increasing  Ap.  At  a  Ap  of  500 
inches  water  and  sea  level  conditions,  the  flow  rate  thi.’ough  the  sample 
is  about  7500  SCFM/ft^,  while  for  the  three  highest  altitudes  the  av¬ 
erage  flow  rate  is  about  4300  SCFM/ft^.  Again,  as  in  Fig.  6  an  average 
mean  curve  could  be  placed  through  the  mean  curves  for  50,000,  100,000, 
and  150,000  ft  with  a  deviation  of  t  10%  at  all  values  of Ap.  At  a 
given  value  of  Ap,  the  flow  rate  is  highest  for  the  150,000  ft  data 
and  lowest  for  the  50,000  ft  data.  The  actual  experimental  data  for 
two  samples  at  50,000  ft  scatter  within  t  3%  about  the  mean  curve 
shown  in  Fig.  7,  lAille  the  data  for  two  samples  at  100,000  ft  scatter 
within  ^6%  about'  the  mean  curve.  The  data  for  these  altitudes  are 
practically  coincident  as  indicated  by  Fig.  7  and  as  would  be  seen 
from  a  plot  of  the  actxul  data.  At  150,000  ft  only  one  saaqple  was  tested 
and  the  data  were  only  about  3%  higher  than  the  data  from  one  of  the 
samples  used  at  100,000  ft.  This  Indldates  that  the  mean  curve  for 
150,000  ft  may  have  been  closer  to  curves  for  50,000  and  100,000  ft 
if  more  samples  had  been  used.  These  facts  also  sxiggest  that  due  to 
the  variability  of  the  geoaietric  porosity  of  fabric  samples,  it  is 
difficult  to  measvure  accurately  the  Influence  of  altitude  on  flow 
rate  once  the  altitude  becomes  sufficiently  high.  This  is  true  since 
the  pressure  ahead  of  the  fabric  is  controlled  by  Ap  and  not  by  the 
pressure  behind  the  fabric  once  the  altitude  conditions  have  reduced 
the  pressure  behind  the  fabric  to  a  very  low  value. 

Figure  8  shows  the  e}q>erimental  data  for  Fabric  ElO.  At  a  Ap 
of  500  inches  water  and  sea  level  conditions,  the  flow  rate  through 
the  sample  is  about  4250  SCFM/ft^,  while  for. the  three  highest  altitudes 
the  average  flow  rate  is  about  1900  SCFM/ft^.  At  a  given  value  of  Ap, 
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the.  flow  rate  is  highest  for  the  150,000  ft  data  and  lowest  for  the 
50,000  ft  data.  It  is  interesting  to  review  the  actual  data  for 
each  altitude.  The  data  for  the  single  san^le  tested  at  50,000  ft 
were  coincident  with  the  data  for  one  of  the  two  samples  tested  at 
100,000  ft,  while  the  mean  curves  for  the  data  of  two  samples  at 
150,000  ft  was  practically  coincident  with  the  data  for  the  other 
sample  tested  at  100,000  ft.  Once  again,  it  appears  that  one  should 
not  take  each  mean  curve  for  an  individual  altitude  as  seriously  as 
a  mean  curve  representing  all  the  data  for  the  three  highest  altitudes. 

The  flow  rate  data  for  Fabrics  S3,  S6  and  ElO  follow  the  expec- 
♦•ed  trend  of  highest  flow  rate  (at  a  given  p)  for  Fabric  S3,  and 
xowest  flow  rate  for  Fabric  ElO,  since  Fabric  S3  has  the  highest  geo¬ 
metric  porosity  and  Fabric  ElO  the  lowest. 

Figure  9  shows  the  experimental  data  for  Fabrics  S7  and  S8. 

During  the  early  stages  of  this  research  program  a  fabric  was  re¬ 
ceived  from  the  Textiles  Branch,  WADC,  and  labelled  as  S7.  The 
samples  of  S7  were  distributed  among  the  various  test  units  engaged 
in  this  research.  As  a  result  of  the  disagreement  evidenced  in  the 
data  from  various  test  instnxnents  a  closer  check  of  the  original 
samples  representing  the  S7  lot  was  made.  It  was  found  that  dif¬ 
ferent  pieces  contained  within  the  lot  had  different  fabric  cons¬ 
tructions  and,  in  addition,  the  material  did  not  conform  to  the 
material  specifications  for  Fabric  S7.  Accordingly,  additional 
material  was  requested.  Some  of  this  new  material,  which  was  labelled 
S8,  arrived  In  time  for  inclusion  in  certain  phases  of  the  test  pro¬ 
gram,  but  it  was  not  possible  to  run  the  complete  set  of  tests  on 
Fabric  S8.  The  experimental  data  for  sea  level  tests  on  Fabric  S8  and 
for  tests  on  Fabric  S7  at  50,000  ft  are  shown  in  Fig.  9.  Since  only 
these  data  are  available  for  fabrics  S7  and  S8,  the  results  for  these 
fabrics  t’;ill  not  be  discussed  further. 

Figures  10,  11  and  12  show  the  e]q)erimental  data  for  Fabrics 
S3,  S6  and  ElO,  respectively,  in  terms  of  effective  porosity  versus 
pressure  drop  across  the  fabric.  The  curves  were  calculated  from 
the  data  of  Figs.  6,  7,  and  8,  respectively,  and  the  necessary  values 
of  Pj^  which  may  be  determined  from  ZWp,  Pj  (at  each  altitude)  and 
the  air  temperature  of  ?0'’F.  For  all  fabrics,  the  values  of  effec¬ 
tive  porosity  at  sea  level  conditions  are  greater  than  those  at  the 
higher  altitudes.  In  general,  the  variation  of  C  with  altitude  (at 
a  given  Ap)  is  the  same  as  the  variation  of  flow  rate  with  altitude 
shown  in  Figs.  6,  7  and  8.  For  a  given  altitude,  the  effective  poro¬ 
sity  tends  to  increase  with  Increasing  Ap.  The  values  of  effective 
porosity  are  in  good  agreement  with  values  reported  by  Heinrich  (12) 
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Heinrich  (12)  fovind  that  C  decreases  continuously  with  increase  in 
altitude  (at  a  given i^p)  between  sea  level  and  60,000  ft.  The 
variation  of  C  with  altitude  shown  in  Figs.  10,  11  and  12  does  not 
correspond  to  any  regular  variation  with  altitude,  rhis  can  be  ex¬ 
plained  by  the  fact  that  the  measurement  of  changes  of  flow  rate  with 
altitude  between  sea  level  and  60,000  are  larger  and  less  affected  by 
variation  of  sample  geometric  porosity  than  between  50,000  and  150,000 
ft. 


An  actual  comparison  of  geometric  porosities  from  this  report  and 
Heinrich  (12)  can  be  made  in  the  case  of  Fabric  S6.  At  sea  level  con¬ 
ditions  and  a  ^p  of  about  30  inches  water,  Heinrich  reports  a  value 
of  C  of  about  0.039  while  Fig.  11  shows  a  value  of  C  of  about  0.05  at 
a  A  p  of  50  inches  water  and  sea  level  conditions.  At  60,000  ft  and 
anAP  of  about  6  inches  water,  Heinrich  reports  a  value  of  C  of  about 
0.029  while  Fig.  11  shows  a  value  of  about  0.030  at  about  50  inches 
water  and  the  high  altitudes. 

Analysis  of  Flow  Through  Fabrics  at  High  Altitudes 

It  would  be  very  useful  to  be  able  to  predict  the  mass  flow  rate 
of  air  throtigh  a  fabric  for  a  given  pressure  ratio  or  difference  across 
the  fabric,  and  for  various  pressures  behind  the  fabric  which  simulate 
the  use  of  the  fabric  at  various  altitudes.  An  estimate  of  this  flow 
rate  could  probably  be  made  using  the  usual  nozzle  and  orifice  flow 
equations  if  the  actvuil  flow  area  of  the  fabric  could  be  predicted. 
However,  this  flow  area  is  a  rather  complex  function  of  the  pressure 
difference  across  the  fabric,  temperature  of  the  fabric,  loading  rate 
on  the  fabric,  etc.,  and,  therefore,  accurate  predictions  are  difficult 
to  make. 

The  next  best  situation  is  one  in  which  the  large  amount  of  flow 
rate-pressure  drop  data  which  has  been  taken  with  sea- level  pressure 
behind  the  fabric  can  be  used  to  predict  results  for  higher  altitudes. 

If  these  sea- level  data  are  to  be  used  in  such  a  fashion  then  a  suitable 
theoretical  model  must  be  found  to  describe  the  flow  through  the  fabric. 
Since  the  pressure  ratios  across  the  fabric  will  be  very  large  at  high 
altitudes,  such  a  theoretical  model  must  necessarily  involve  certain 
aspects  of  compressible  fluid  mechanics. 

This  section  describes  a  possible  theoretical  model  based  on  the 
asstBoption  that  the  characteristics  of  the  flow  through  the  fabric  are 
similar  to  those  of  isentropic  flow  of  air,  through  a  nozzle.  Certain 
characteristics  of  the  nozzle  flow  are  reviewed,  and  the  necessary  re¬ 
striction  whi.ch  must  be  made  for  using  these  characteristics  for  the 
fabric  flow  are  discussed.  Finally,  a  method  is  described  for  pre¬ 
dicting  the  flow-rate-pressure  drop  characteristics  of  a  fabric  used 
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at  a  high  altitude  from  similar  data  taken  with  sea- level  pressure 
behind  the  fabric. 


Isentropic  Nozzle  Flow 

Fieiire  13  shows  a  simple  converging  nozzle  into  which  air  flows 
at  a  stagnation  state  1  where  the  velocity  v, ,  is 

and  the  stagnation  pressure  and  temperature  are  v  P  ^ 

The  air  passes  through  the  nozzle,  leaves  the  nozzle  at  the  exit  section 

?and  enters  s  region  ehere  the  pressure  ^2 

than  the  static  pressure  at  section  e  V  i^!c?I'“ni5Slate 

would  correspond  to  the  pressure  maintained  behind  a  fabric  to  simuwe 

a  particular*^altitude) .  For  purposes  of  analyzing  ^3* 

reLarch  program,  it  is  necessary  to  derive  an  ej^ression  for  ^he^ss 
K^  Ste  p«  unit  area  at  section  e.  The  folloulng  assumptions  ulll 
be  made  concerning  the  flow  through  the  nozzle. 

2'  The  flow  is  oSe-dLensional,  i.e.,  at  a  given 

^zzle  the  state  of  the  air  can  be  adequately  described  by  a 
slnale  value  for  the  velocity,  temperature,  etc.  ^  ,.Ks. 

3  The^flow  is  adiabatic  or  there  is  no  heat  transfer  between  the 
air  in  the  nozzle  and  the  surroundings. 

4  The  flow  is  frictionless.  Any  frictional  or  vlscow 

due  to  the  wall  are  confined  to  the  thin  boundary  layer  near 
the  ^11  From  assumptions  3  and  4  it  follows  that  the  flow 

5  Air^is”a*^perfect  gas  with  an  equation  of  state  given  by(Eq.l2) 
«d  con«'"  vrtul.  of  the  specific  hsers  st  consent  pressure 

and  constant  volume. 

The  analysis  is  as  follows: 

Conservation  of  Mass-Continuity  Equation 

e  (10) 

“■tsVe 

First  lew  of  Thermodjmsmlcs-Steady  Flow  Energy  Equation 
and  perfect  Gas  Assumption. 

Perfect  Gass  Assumption 
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Figurt  13.  Flow  Through  o  Converging  Nozzle 
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Second  Law  cf  Thermodynamics  and  Perfect  Gas  Ass^miption 


Combining  Equations  10,  11,  12  and  13  yields  the  follov;ing 
Equation  for  the  mass  fiov;  rate  per  unit  area. 

Before  app’/_n^  equation  lA  over  the  pressure  ratio,  Pg/Pp 
range  from  one  to  zero,  it  is  necessary  tc  consider  the  compressible 
flow  aspects  of  the  nozzle  operation.  Consider  a  case  vjhere  the  noz 
zle  inlet  conditions  are  held  constant  at 


pp  =  7'j9"  HnO  abs. 

=  530°  R  abs. 

and  the  back  pressure  p  is  varied  as  follows:  For  values  of  p 
close  tc  pi  a  certain  fiov;  rate  and  velocity  will  be  established  at 
e  and  the  tlov/  at  e  will  be  subsonic,  i.e.,  v  will  be  much  lower 
than  the  velocity  cf  sound,  a  at  section  e.  °This  is  equivalent 
tc  a  Mach  nuuber  at  e,  Mg  cf  practically  zero  since 


(15) 


The  stream  lines  at  e  v?ill  be  almost  straight  as  the  air  jet  enters 
region  2  and,  consequently,  p  and  p  will  be  equal.  Since  pj^,  p 
and  P2  are  only  slightly  diffirent  tne  flow  will  be  almost  incompres¬ 
sible  and  under  the  assumptions  made  Bernoulli's  equation  should  be 
valid,  or 


The  assumption  of  incompressible  flow  is  usually  made  for  Mach  numbers 
up  to  about  0.2.  For  M  -  0.20,  the  value  of  p  is  0.973  and  if 
this  value  is  used  in  Equations  14  and  I*!  it  is^found  that  the  mass 
flov;s  per  unit  area  for  these  equations  differ  by  about  1.5  percent. 

At  Fg/Pj^  “  0.70  (corresponding  to  M  »  0.73)  the  tv;c  equations  give 
values  v;hich  differ  by  about  22  percent.  Actually  the  use  of  Equation 
14  is  equivalent  to  using  the  expansion  factor  in  the  usual  nozzle  or 
orifice  equation.  As  P2  is  lowered,  both  Vg  and  M  increase  until 
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the  air  leaves  secticn  e  at  the  velocity  of  sound  (or  M  “  1.0). 
The  value  of  Pg/Pi  at  which  this  occurs  is  called  the  critical 
pressure  ratio  Pg'Vpj^i  and  it  can  be  sho™  to  be 


Fcr  air  k  ==  1.4  and 

Ze*=  0.528  (18) 

Pi 

Up  to  this  value  of  p2,  the  values  of  Pg  and  y>2  still  the  same 
since  the  jet  has  straight  streamlines  and  is  subsonic.  Also,  w/Ag 
shown  in  Fig.  14,  and  at  the  critical  pressure  ratio,  for  the  case 
selected,  w/A  ,  is  about  5540  Ibm/min-ft^.  Now  if  P2  is  reduced  beyond 
405  inch  H2O  lbs.  (corresponding  to  p  */p. ,  the  values  of  M  ,  p^,  and 
w/Ag  will  not  change,  and  the  nozzle  if  said  to  be  "choked".®  Tne  sim¬ 
ple  explanation  for  this  phenomenon  is  that  since  the  air  at  e  is 
travelling  at  the  velocity  of  sound,  any  change  of  p^  cannot  influence 
the  flow  in  the  nozzle  since  the  pressure  pulse  whicn  results  when 
P2  is  changed  also  travels  at  the  velocity  of  sound  and,  therefore, 
cannot  be  propagated  up-stream  into  the  nozzle.  Thus,  for  values 
oic  P2/P1  l®ss  than  the  critical  pressure  ratio,  w/A  ,  M  ,  p  /p,  re- 
main^constant.  The  difference  between  p  and  p  taRe  pface®by  a 
modification  of  the  flow  pattern  outside®the  nozzle  in  region  2. 

For  values  of  P2/P1  equal  to  or  less  than  the  critical  pressure  ratio, 
the  mass  flow  per  unit  area  is  fixed  from  Equation  14  by  inserting 
the  critical  pressure  ratio.  For  this  case,  Equation  14  becomes 

w\*  f  r . 

The  equation  has  been  left  in  this  form  since  it  will  be  used  later 
to  predict  mass  flow  per  unit  area  for  fabrics  at  high  altitude  from 
similar  sea- level  dat^,  although  Equation  19  can  be  simplified  to 

The  operating  characteristics  of  the  nozzle  are  summarized  in 
Table  3  for  the  two  ranges  of  P2/p^*  The  results  are  given  for  k  =•  1.4, 
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TABLE  3 


OPERATING  CHARACTERISTICS  OF  CONVERGING  NOZZLE 


P2/P1 

5-  0.528 

<  0.528 

VjV2 

=  1 

:^1 

Me 

-<1 

1 

w/A^. 

Equation  14 

Equation  19  or  20 

It  is  worthwhile  to  mention  another  means,  of  operating  the  nozzle 
which  corresponds  to  the  usual  method  whereby  data  on  the  mass  flow 
per  unit  through  a  fabric  are  obtained.  In  this  case,  the  back 
pressure  P2  is  held  constant  and  the  inlet  pressvire  p,  5  s  increased 
in  order  to  reduce  the  pressure  ratio,  p2/p^.  As  in  Che  previous 
case  w/A  ,  M^,  v  increase  as  P2/P1  reduced,  while  p^  remains 
equal  to^p^.^  IThln  the  critical  pressure  ratio  is  reached  and 
further  reductions  in  are  made,  M  and  Pe/Pi  remain  constant 

at  1.0  and  0.528  respectively  while  w/a|  and  p^  continue  to  in¬ 
crease.  The  increase  in  w/A^  and  p^  arise  from  the  fact  that  Pj^ 
is  being  increased  with  P2  held  constant,  whereas  in  the  former'*’ 
case  was  held  constant  as  P2  was  decreased.  The  mass  flcv?  per 
unit  area  curve  for  a  case  in  which: 

P2  =  405"  H2O  abs. 

Ti  =  530°  R 

is  also  shovm  in  Fi.g.  14.  The  point  V7here  the  curves  cross  is 
arbitrary  and  can  be  adjusted  by  selecting  new  values  of  P2  and  pj^ 
for  the  tv;o  cases. 

Since  most  data  on  fabrics  are  presented  in  terms  of  flow  per 
unit  area  versus  pressure  drop  across  the  fabric,  rather  than 
pressure  ratio  across  the  fabric,  the  curves  of  Fig.  14  are  re- 
plctted  in  Fig.  15  versus  pressure  difference, Ap.  The  curve  for 
the  ease  where  p^^  is  held  constant  at  759  inch  H.O  abs.,  does  not 
extend  beyond  a  pressure  drop  of  7 '>9  inch  H  O  abs.,  since  p2  goes  to 
zero  at  this  point.  Tlie  only  major  difference  between  the  curves  of 
Figs.  14  and  15  occurs  fer  the  case  where  P2  =  405  inch  HjO  abs. 

Beyond  the  critical  pressure  ratio  in  14,  the  mass  flow  per 

unit  area  increases  hyperbolically  with  P2/Pi  whereas  in  Fig.  15 
w/Ag  increases  line?.rly  with  the  pressure  difference  after  the 
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FLOW  RATE  PER  UNIT  AREA,  (w/A*  )  x  K)"®  ,  Ibm/min-ft* 


Figure  t5«  Flow  Choracteristics  of  a  Converging  Nozxle 
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pressure  difference  corresponding  to  the  critical  pressure  ratio 
has  been  exceeded. 

Finally,  Fig.  16  shows  w/A  vs.  pressure  difference  for  a 
nozzle  which  is  operated  with  various  constant  values  of  p_.  The 
uppermost  curve  for  P2  “  760  mm  Hg.  abs.  (sea-level)  press^e  is 
the*  same  curve  as  shown  in  Fig.  15.  The  mass  flow  per  unit  area 
increases  as  the  pressure  difference  is  increased  or  the  pressure 
ratio  is  decreased,  according  to  Equation  14.  At  a  pressure 
difference  of  363  inch  H^O,  the  critical  pressure  ratio  is  reached 
and  the  flow  becomes  choEed.  Beyond  a  pressure  difference  of  363" 
H2O  the  flow  remains  choked  and  the  mass  flow  per  unit  area  in 
creases  linearly  with  pressure  difference.  Curves  are  also  shown 
for  values  of  P2  of  100,  76  and  7.6  mm  Hg.  abs.  These  values  of 
p  correspond  to  altitudes  of  about  50,000,  100,000  and  150,000  ft. 
respectively.  The  curve  for  P2  of  7.6  ran  Hg.  abs.  represents  to  a 
very  small  error  all  values  of  P2  less  than  7.6  mm  Hg.  abs.  The 
locus  of  points  which  represent  the  choked  condition  is  also  shown 
and  is  a  straight  line  since  Equation  20  can  be  written  in  terms 
of  the  pressure  difference  as  follows: 

f  *  .  (Pi  -  P2)  +  K3P2  (21) 

\diere  K2  is  a  constant.  The  most  striking  feature  of  this  locus  is 
that  for  any  value  of  P2  less  than  100  mm  Hg.  abs.  any  pressure 
difference  greater  than'‘50  inch  H2O  will  cause  the  nozzle  (or  fabric) 
to  operate  under  choked  flow  conditions.  The  relatively  close  spa¬ 
cing  of  the  curves  for  values  of  P2  of  100  mm  Hg  and  less  indicates 
that  extremely  accurate  flow  measurements  would  be  required  in  order 
to  define  curves  of  different  P2.  As  mentioned  earlier,  the  varia¬ 
tion  of  the  geometric  porosity  of  a  fabric  could  lead  to  changes  in 
the  locations  of  these  curves  even  when  accurate  flow  measurements 
are  made.  It  is  also  of  interest  to  note  the  curves  of  Fig.  16  ^or 
P2  lower  than  100  mm  Hg.  abs.  are  grouped  together  within  about  -3 
percent.  This  close  spacing  of  curves  for  the  fabrics  at  50,000, 
100,000  and  150,000  feet  can  also  be  seen  in  Figs.  6,  7  and  8. 

Nozzle  Flow  Analogy  fo?;  Flow  Through  Fabrics 

In  order  to  apply  the  results  of  the  preceding  section  to  pre¬ 
dict  the  mass  flow  per  unit  area  for  a  fabric  used  at  a  high  alti¬ 
tude  from  the  similar  data  taken  at  sea-level  conditions,  it  is 
necessary  to  form  a  theoretical  model  of  the  flow  through  a  fabric. 
Fig.  17  shows  the  model  for  the  flow  through  the  fabric.  The 
sketch  is  intended  to  indicate  also  the  apparatus  which  is  used  to 
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FIgur*  16.  Efftct  of  Altitudt  on  Flow  Charoettrittict 
of  Converging  Nozzle. 
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of  Fatric 


Fiqurt  17.  Nozzio  Flow  AnoloQy  for  Flow  Through 
o  Fobric 


WADC  TR  59  -  374 


37 


measure  the  flow  rate  through  the  fabric.  The  air  approaches  a 
sample  of  the  fabric  through  the  inlet  ducting  at  the  inlet  state  1. 

A  certain  area  of  the  fabric  is  exposed  to  the  flow  and  this  is  the 
apparent  area  of  the  fabric  through  which  the  flow  passes,  A  .  The 
passages  through  the  fabric  are  assumed  to  have  flow  charactlristics 
similar  to  isentropic  nozzle  flovj  characteristics.  The  flov;  exhausts 
from  the  dovmstream  edge  of  the  fabric  into  a  region  maintained  at 
a  pressure  p...  Tlie  downstream  edge  of  the  fabric  corresponds  to  the 
exit  area  of^the  nozzle  in  the  preceding  section.  Physically,  the 
actual  exit  area  of  the  passages  through  the  fabric  will  be  some¬ 
where  back  inside  the  fabric.  Also,  the  passages  do  not  have  the 
area  A^  available  for  flov;  but  some  actual  flow  area,  A|:.  For 
fabrics  the  percent  free  flow  area.  A./ A  ,  or  geometric  porosity  is 
betv:een  5  and  15  percent.  ^  ^ 

The  assumption  of  isentropic  flow  through  the  fabric  may  seem 
to  be  a  poor  one  since  the  passages  are  very  small.  However,  a 
calculation  ot  a  Rejmolds  number  based  on  passage  diameter  of  0,010 
inches  v/ill  show  that  at  the  choked  flow  condition  and  an  inlet 
pressure  of  50  inch  H2O  abs,  and  an  inlet  temperature  of  530°F  abs. 
Tiic  Reynolds  number  is  about  450.  Although  this  is  not  a  high 
Reynolds  number,  it  is  not  of  such  magnitude  that  one  would  expect 
large  viscous  flow  effects  in  viev;  of  the  fact  that  the  passages 
are  very  short.  This  Reynolds  number  would  increase  linearly  with 
the  inlet  pressure  so  that  at  an  inlet  pressure  of  500  in. H2O  abs, 
the  Re3niolds  number  would  be  4500.  This  assumption  of  isentropic 
flow  in  the  fabric  should  not  be  interpreted  as  meaning  that  there 
is  no  pressure  loss  for  the  flow  through  the  entire  fabric.  This 
is  obviously  not  true  since  the  air  jets  mix  upon  leaving  the  fa¬ 
bric  V7ith  a  resulting  loss  in  stagnation  pressure.  The  asstamption 
of  isentropic  flow  simply  means  that  the  loss  of  stagnation  pres¬ 
sure  for  the  flow  inside  the  fabric  is  assumed  to  be  small. 

Consider  the  situation  where  data  on  the  flow  rate  per  unit 
area  for  a  fabric  have  been  obtained  with  a  high  pressure  behind 
the  fabric  and  it  is  nov;  desired  to  predict  the  flow  rate  per 
unit  area  v;hen  this  pressure  is  reduced  to  simulate  operation  at 
a  higher  altitude.  Before  describing  a  method  in  detail  whereby 
these  predictions  can  be  made  some  restrictions  will  be  discussed 
which  must  be  observed  for  the  flow  through  the  fabric  which  do 
not  apply  to  the  nozzle.  When  the  nozzle  equations  are  used  for 
the  fabric,  the  exit  area  of  the  nozzle,  A  should  be  replaced  by 
the  actual  flow  area  of  the  fabric  A-.  However,  since  A^  is  un- 
knovm  the  experimental  results  are  usually  based  on  the  Apparent 
area  of  the  fabric,  A^.  The  use  of  this  apparent  area 
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will  cause  the  usual  shapes  of  the  flow  per  unit  area  curves  for 
nozzle  flow  to  be  modified  in  the  case  of  fab-'ics.  However,  it 
is  possible  to  predict  these  modifications  in  advance. 

First,  consider  where  the  flow  through  the  fabric  should  be 
choked  if  there  is  a  valid  analogy  between  nozzle  flow  and  fabric 
flov7.  If  P2  is  fixed  by  altitude  conditions  thecj  there  is  a 
critical  value  of  the  pressure  difference  for  which  the  flow 
through  the  fabric  should  become  choked.  Let  this  critical  pres¬ 
sure  difference  be  Af  *.  The  value  Ap  *  can  be  found  from  the 
identity 


For  air  (k  =  1.4),  the  critical  pressure  ratio,  P2*/p. »  is  0.528. 
Substituting  this  value  in  Equation  (22)  yields  ^ 

Af*.  (23) 

Table  4  shows  values  of  Ap*  as  a  function  of  altitude. 

TABLE  4 


VARIATION  OF  CRITICAL  PRESSURE  DIFFERENCE  WITH  ALTITUDE 


Altitude  (feet) 


Sea- level 
50,000 
100,000 
150,000 


Critical  Pressure 
Difference  (inches  H2O) 

363 

41.5 

3.84 

0.516 


For  a  choked  nozzle,  the  quantity  V7ill  become  con¬ 

stant  at  a  value  fixed  by  Equation  (20).  For  air  (k  =  1.4, 

R  -  53.3,  ft-lbf/lbm-R,  g  =  32.174  Ibm  ft/lbf  sec^)  Equation  (20) 
yields 


/A«p^.  OML  tW 


(24) 
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If  T,  is  fixed  at  70°F,  as  in  these  experiments,  then  Equation 
(24)  becomes 

•  59.6  ibm  f  CM  Hg  ahs.  ^25) 

For  the  nozzle,  if  w/Amj^  is  plotted  against  Ap,  the  points  for  all 
values  of  P2  (or  altitude)  and  for  all  values  of  Ap,  greater  than^j^ 
should  fall  on  a  single  horizontal  line  having  a  value  of  38.6  Ibm/min 
ft^  cm  Hg  abs.  If  tne  analogy  between  choked  nozzle  flow  and  choked 
fabric  flow  is  true,  then  a  plot  of  W/ Afp^  versus  ^p  should  be 
identical  with  the  plot  for  the  nozzle.  However,  a  plot  of 
versus  2!^  will  show  a  different  shaped  curve  than  those  just  mentioned. 
It  is  possible  to  predict  the  shape  of  the  vs  Ap  curve  if  a 

few  simplifying  assumptions  are  made  concerning  the  behavior  of 
during  testing. 

In  general,  will  depend  on 

1.  The  pressure  difference  across  the  fabric. 

2.  The  temperature  of  the  fabric. 

3.  The  rate  at  which  the  pressure  difference  is  applied  across 
the  fabric. 

4.  The  loading  cycle. 

For  the  usual  experimental  methods  the  temperature  of  the  fabric 
does  not  vary  significantly  and  the  loading  cycle  is  usually  a  simple 
one  in  which  the  pressure  difference  is  increased  slowly  from  one  va¬ 
lue  to  another.  Thus,  it  is  reasonable  to  assume  that  for  this 
type  of  experiment 


(26) 


and  that  A-  will  increase  as  Ap  is  increased.  For  a  "stiff  fabric 
increases  in  A^/A^  with  increases  in  Ap  will  be  small,  ^ile  for  a 
‘soft'  fabric  increases  in  A^/A^  with  increases  in  Ap  may  be  large. 


The  following  identity  may  be  written 

W  W  Af  . 

7CS  ‘  ’ 

The  quantity  ('^/A|^^)  should  have  a  constant  value  independent 
of  Ap.  while  the  geometric  porosity,  A^/A^,  should  be  less  than 
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unity  (perhaps  in  the  range  from  0.01  to  0.20)  and  Increase  X'jith 
increases  in  Ap.  Since  w/A  p  is  independent  of  .Ap  and  p_  and 
since  under  the  simple  assumption  of  Equation  (2  ')) ,  Ap/A^  is  in¬ 
dependent  of  P2,  it  should  follow  that  w/A  pj^  should  oe  independent 
of  P2  and  dependent  on  only  Ap .  Therefori,  a  plot  of  the  data  for 
all  altitudes  and  for  all  Ap’s  greater  than  Ap  *  in  the  form  of 
V7/A^P^  versus  Ap  ,  should  show  a  single  cuxrve  which  increases  as  Ap 
increases.  The  values  of  w/A  pj^  should  be  less  than  SS.'-  Ibni/mn 
ft'^  Hg.  abs.  and  dependent  cn^the  geometric  porosity  of  the 
fabric . 

In  order  to  test  this  prediction,  the  actual  experimental 
data  fer  Fabrics  S3,  SO,  and  ElO  have  been  plotted  in  chc  above 
form  and  are  shewn  in  Figures  18,  19,  and  20  respectively.  The 
quantity  w/A  p_  will  be  called  the  choked  flov;  coefficient.  For 
Fabric  S3  (Fig.  18)  this  coefficient  has  an  average  value  of  2.50 
-107o  at  a  Af  of  50  inches  H2O  and  at  a  Ap  of  500  inches  H  O.,  the 
value  has  increased  to  4.62^-  5%.  For  Fabric  SO,  th.e  coefficient 
is  2.39  -  20%  at  100  inches  HoO,  and  increases  to  4.05  *  11%  at  1000 
inches  H2O.  For  Fabric  ElO,  the  coefficient  is  1.1  *  20%  at  150 
inches  H2O,  and  increases  to  1.95  -  10%  at  1000  inches  K2O.  As  pre¬ 
dicted  earlier.  Figs.  18,  19  and  20  shev;  values  of  the  choked  flow 
coefficient  which  are  less  than  38.3  Ibm/min  ft^  cm  Kg  abs.  and 
values  which  increase  as  Ap  increases.  However,  the  maximum  and 
minimum  values  of  the  choked  flow  coefficient,  which  vary  -  20% 
about  the  mean,  must  be  viewed  somewhat  critically  in  terms  of 
supporting  or  disclaiming  the  nozzle  flow  analogy  for  fabric 
flcv7.  A  close  inspection  of  the  data  for  a  single  fabric  sample 
taken  at  a  single  altitude  will  reveal  that  there  is  very  little 
experimental  scatter.  Tlie  data  form  a  single  rather  smooth  curve. 
TI:e  spread  of  the  data  for  various  samples  seems  to  be  more  a 
function  of  the  sample  than  the  altitude.  This  is  very  important 
because  the  entire  choked  nozzle  flow  analogy  leads  to  the  con¬ 
clusion  that  the  entire  choked  flow  coefficient  should  depend  on  Ap 
and  be  independent  or  p^  (or  altitude).  Further  inspection  oc  Figs. 
18,  19  and  20  will  shc\7  that  the  data  for  cno  sample  at  100,000 
feet  will  coincide  V7itii  the  data  for  another  sample  at  50,000 
feet,  while  data  from  aiicther  sample  at  ICO, COO  feet  V7ill  co¬ 
incide  with  data  from  another  sample  at  150,000  feet.  Tliis  point 
V7as  mentioned  earlier  in  the  discussion  of  Figs.  S,  7,  and  8. 

Based  on  these  observatiens,  it  would  appear  that  the  prediction 
that  all  the  choked  flow  coefficient  data  should  fall  on  a  single 
curve  is  net  VTreng  because  the  nozzle  flow  .analogy  is  incorrect 
but  more  likely  because  of  variation  in  the  geometric,  porosity  cf 
the  fabric  samples.  Variations  cf  geometric  porosity  between  fabric 
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Figure  >8.  Choked  Flow  Coefficient  for  Fabric. 
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Figure  19-  Choked  Ffovr  Coefficient  for  Fabric.  S-6 
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PRESSURE  DIFFERENCE, Ap  (inches  water) 
Figure  20.  Choked  Flow  Coefficient  for  Fabric.  E-IO 


samples  taken  from  different  lots  of  fabric  or  even  from  the  same 
lot  may  run  as  high  as  20%. 

Tl’.e  results  shovm  in  Figs.  18,  19,  and  20  can  be  used  to 
estimate  the  geometric  porosity  of  the  fabrif,  since  Equation  (27) 
may  be  rewritten  as 


(28) 


Theoretically  '“’/AcP,  should  be  38.6  Ibm/rain  ft^  cm  Hg  abs. 
assuming  that  choRea  flox^  conditions  exist  in  the  fabric.  Table 
5  summarizes  these  calculations. 


It  is  interesting  to  note  that  the  sea-level  data  for  all 
three  fabrics  have  also  been  correlated  using  the  choked  flow  co¬ 
efficient.  Tlie  data  for  sea-level  and  150,000  feet  represent  a 
variation  in  P2  of  760  to  1. 

TABLE  5 


GEOliETRIC  POROSITIES  OF  FABRICS 


Fabric 

Ap 

w/A  p 

A./A 

inch  H-0 

2 

a  1 

f  a 

S3 

50 

2.50 

0.065 

500 

4.62 

0.12 

S6 

100 

2.39 

0.062 

1000 

4.05 

0.105 

ElO 

150 

1.1 

0.029 

1000 

1.95 

0.051 

* 

Dimensions  -  Ibm/rain 

ft^  cm  Hg  abs. 

These  values  of  the  geometric  porosity  are  in  the  usual  range 
for  these  fabrics. 

In  Fig.  21  the  curve  marked  'Mi"  might  represent  the  data  taken 
with  a  high  pressure  (perhaps  corresponding  to  sea- level  pressure) 
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FLOW  RATE  PER  UNIT  APPARENT  AREA,  W/ A<, ,  Ibm/mln 


Region  II. 


Figure  21.  Predection  ot  High  Altitude  Flow  Rotes  from 
Sea  Level  Data 
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behind  the  fabric.  It  is  desired  to  predict  the  curve  marked  “L‘' 
which  will  represent  the  data  for  a  lower  pressure  behind  the 
fabric  (or  a  higher  altitude).  The  first  step  in  predicting  curve 
"L'  is  to  locate  the  values  of  the  critical  pressure  difference 
which  correspond  to  the  critical  pressure  ratio  or  choked  flow  for 
the  two  values  of  P2,  namely,  Pj^  and  pj^.  Tliese  critical  pressure 
differences  can  be  calculated  from  Equation  (23) . 

Once  these  tv;o  values  andAji^  *  have  been  determined,  ver¬ 

tical  lines  can  be  erected  at  the  corresponding  values  of 
This  construction  immediately  divides  the  graph  into  three  regions. 

Region  I:  Tlie  use  of  point  a^^  on  the  "H”  curve  to  calculate 

point  aj^  on  the  ''L‘'  curve  involves  the  use  of  mass  flow  per  unit 

area  data  taken  under  unchoked  flow  conditions  with  P2  =  Py  to 
predict  a  mass  flow  per  unit  area  under  unchoked  flow  conditions 
V7ith  P2  =  Pl*  This  will  be  termed  “'unchoked  to  unchoked  scaling.'' 

Region  II:  Tlie  use  of  point  bj^  on  the  "H"  curve  to  calculate 

point  b  on  the  '''L"  curve  involves  the  use  of  mass  flow  per  unit 

area  data  taken  under  unchoked  flow  conditions  with  P2  =  Py  to 
predict  a  mass  flow  per  unit  area  under  choked  flow  conditions 
with  P2  =  Pj^.  Tliis  will  be  termed  'unchoked  to  choked  scaling." 

Region  III:  The  use  of  point  d  on  the  "H"  curve  to  calculate 
point  dj^  on  the  ‘‘L"  curve  involves  fee  use  of  mass  flov;  per  unit 
area  data  taken  under  choked  flow  conditions  with  p-  =  p  to  pre¬ 
dict  a  mass  flow  per  unit  area  under  choked  flow  conditions  with 
P2  *  Pl*  Tliis  will  be  termed  choked  to  choked  scaling." 

It  is  very  important  to  note  that  the  scaling  from  the  "H" 
curve  to  the  "L"  curve  is  only  done  at  the  same  Ap  .  The  reason 
for  this  can  be  seen  by  using  Equation  (27)  as  follows: 


(29) 


It  is  assumed  that  the  mass  flow  per  unit  actual  flow  area  w/A£ 
is  controlled  by  the  isentropic  flow  equations  whereas  the  geo¬ 
metric  porosity  Af/A^  is  controlled  by  according  to  Equation  (26). 
Thus,  at  the  same  the  ratio  (A^/A  should  be  unity 

and,  therefore,  the  mass  flow  per  unit  apparent  flow  area  can  also 
be  scaled  using  the  isentropic  flow  equations.  lfAj>  is  not  the 
same,  then  the  ratio  (A£/A^)^/(A£/Aq)j^  is  not  known 


WADC  TR  59-374 


47 


The  scaling  equations  for  the  various  regions  can  be  written 
dovm  inraiediately  from  the  section  on  isentropic  nozzle  flow. 

Region  I:  ” Unchoked  to  Unchoked  Scaling." 

From  Equation  (14)  it  follows; 

Region  II:  '  Unchoked  to  Choked  Scaling." 

From  Equations  (14)  and  (19)  it  follows: 


For  k  =  1.4  Equation  (31)  becomes 


The  quantity  appearing  below  the  0,2588  is  tabulated  for 
k  =  1.4  in  Table  25  of  reference  (16). 

Region  III:  "Choked  to  Choked  Scaling." 

From  Equation  (20)  it  follows; 


Equations  (30),  (32),  and  (33)  were  applied  to  the  sea-level 
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MAS$  FLOW  RATE  PER  UNIT  AREA,  6  Ibm/min 


1000 


900 


Figurt  22.  Pr«dict«d  ond  Meosurtd  Row  Rates  for  Fobric.  S-3 
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PRESSURE  DIFFERENCE,  Ap  linches  woteO 
Figure  23.  Predicted  and  Measured  Flow  Rates  for  Fabric.  S"6 
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Predictions  from  Sea  Level  Dote 


Figure  Z4.  Predicted  ond  Measured  Flow  Rotes  for  Fabric.  E-IO 
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flow  rate  data  of  reference  (3)  for  fabrics  S3,  S6,  and  ELO,  and 
predictions  were  made  of  the  flow  rates  through  the  fabrics  at 
altitudes  of  50,000,  100,000  and  150,000  feet.  Figures  22,  23, 
and  24  show  the  measured  mass  flow  rates  per  unit  area  for  Fabrics 
S3,  S6,  and  ElO  taken  at  50,000,  100,000,  and  150,000  feet  and  the 
predicted  values  using  the  sea- level  data. 

The  agreement  betv;een  the  mean  experimental  curves  and  the 
predicted  curves  for  Fabrics  S3  and  S6  is  excellent.  Bie  predicted 
curves  are  practically  coincident  with  the  mean  curves  for  Fabric 
S3  and  are  about  10%  higher  for  Fabric  S&  at  the  higher  values 
of  .  The  method  of  prediction  works  very  well  both  in  cases  where 
choked  flow  sea- level  data  are  used  to  predict  choked  flow  high 
altitude  data  and  in  cases  where  unchoked  flow  sea-level  data  are 
used  to  predict  choked  flow  high  altitude  data. 

The  agreement  between  the  mean  experimental  curves  and  pre¬ 
dicted  curves  for  Fabric  ElO  is  not  as  good  as  for  Fabrics  S3  and 
S6.  At  values  of  Ap  of  1000  inches  water,  the  predicted  curves 
are  as  much  as  30%  higher  than  the  experimental  curves.  A  great 
deal  of  scatter  was  found  in  the  sea- level  data  for  Fabric  ElO  so 
that  the  reason  for  the  large  discrepancy  betv;een  the  curves  is 
not  clear.  Further  experimental  work  should  be  done  on  this  fabric. 

From  the  foregoing  comparison  between  the  prediction  based 
on  the  nozzle  flow  analogy  and  the  measured  data  it  appears  that 
flow  rate  data  taken  at  sea- level  conditions  can  be  used  to 
accurately  predict  flow  rate  data  at  high  altitude  conditions. 

This  method  has  been  verified  for  cases  where  the  pressure  difference 
across  the  fabric  is  rather  large,  greater  than  100  inches  water, 
but  additional  careful  experimental  work  should  be  done  for 
cases  v/here  small  pressure  differentials  are  encounttred  i.e.  about 
10  inches  water. 
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II  CLOTH  GEOMETRY  AND  AIR  FLOW 


Introduction 


The  assumption  that  parachute  cloth  behaves  as  a  rigid  screen 
woven  of  uniformly  round  wire  monofilaments  has  been  a  useful  step 
in  aerodynamic  treatments  of  the  flow  of  air  through  textile  mater¬ 
ials.  Even  with  this  gross  simplification  numerous  mechanisms  of 
flow  must  be  postulated  to  ejqtlain  the  experimental  flow  results 
repo'rted  in  the  literature.  With  the  best  of  these  postulations 
the  flow  resistance  of  parachute  cloths  at  higher  pressure  dif¬ 
ferentials  is  less  than  that  predicted  by  fluid  theory  and  it  is 
customary  to  attribute  such  higher  apparent  permeabilities  to  the 
opening  of  the  fabric  pores  under  stress. 

Definition  of  the  pore  geometry  in  an  unstressed  woven  cloth 
is  in  itself  a  difficult  if  not  impossible  task.  Peirce  (13)  who 
established  the  first  general  theory  of  fabric  structure,  called 
the  geometry  of  a  pore  *wsird'.  One  grasps  the  significance  of 
this  comment  in  viewing  the  successive  cross-sections  of  the  sim¬ 
plest  of  pores,  that  belonging  to  a  completely  balanced  plain  weave 
(14) .  This  together  with  the  three  other  types  of  intersections  which 
allow  for  an  infinite  variety  of  weaves  and  patterns,  provide  even 
greater  range  in  pore  geometry.  Further,  if  the  usual  parameters  of 
cloth  geometry  are  altered  in  a  given  weave  the  distortion  of  a  sin¬ 
gle  pore  can  quickly  vitiate  any  generalisations  one  might  draw  in 
treating  the  balanced  weave. 

A  first  step  in  making  the  balanced,  plain-weave,  monofilament 
screen  model  more  realistic  was  to  account  for  the  four  types  of 
pores  which  are  found  in  various  textile  weaves.  It  has  been  shown 
that  each  of  these  pores,  for  a  given  projected  area,  has  a  different 
minimum  cross  sectional  area  (taken  in  the  fabric  plane) . (14) .  Ex¬ 
periments  with  models  of  these  four  pore  types  show  that  the  ratio 
of  minimisn  jet  area,  at  a  Reynolds  number  of  400,  to  minimum  pore 
area  is  relatively  constant.  It  is  suggested  that  for  the  models 
tested  (with  diameter/spacing  ratios  of  .33  -  .36),  the  minimum 
pore  area  may  serve  as  the  best  parameter  for  estimating  the  effec¬ 
tive  pore  area  of  fabrics,  regardless  of  their  weave  structure  and 
be  useful  in  treatment  of  fabric  pores  as  orifices  (1 5) . 

Unfortunately,  the  minitmaa  cross  sectional  areat,  of  the  dif¬ 
ferent  pores  change  with  stress  application,  and  it  may  be  expected 
that  different  pore  types  will  change  different  amounts,  depending 
on  the  degree  of  interlacing,  the  initial  crimp  and  the  ratio  of 
stresses  developed  in  warp  and  filling. 
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The  first  attempt  to  account  for  the  changes  in  pore  size 
with  the  stresses  set  up  by  applying  significant  pressure  drop 
across  the  fabric  was  reported  by  Klein  et  al  (10) .  Here  the 
changes  in  fabric  dimensions  were  noted  under  various  test  condi¬ 
tions  and  were  allocated  to the  measured  projected  pore  dimensions. 

In  addition,  light  transmission  measurements  made  during  airflov; 
tests  were  correlated  with  free  area  measurements  talcen  under  the 
microscope.  Thus,  stress-strain  adjustments  of  geometric  porosity 
were  made  in  calculating  discharge  coefficients  for  various  fabrics 
under  different  pressure  drops.  But  for  manj'  fabrics  -  of  relatively 
low  porosities  (h;  or  less  as  contrasted  to  Fenner's  porosity  of  4/3 ’s) 
the  discharge  coefficients  calculated  on  the  basis  of  projected  area 
measurements  -  both  at  rest  and  under  stress,  did  not  agree  with  ex¬ 
perimental  values.  It  remained  to  take  into  account  the  inclination 
of  pore  axes  to  the  normal  vector  of  the  fabric  plane. 

Klein  et  al,  (11)  proposed  that  the  effective  orifice  area  is 
not  div-:tated  by  the  pro  jected  pore  area,  but  rather  by  the  area  of 
a  surface  generated  by  lines  connecting  closest  points  of  two  ad¬ 
jacent  warp  (or  filling)  yarns.  This  area  is  calculated  by  single 
area  integration  along  one  set  of  yarns  and  forms  a  warped  sheet 
such  as  that  obtained  by  twisting  a  thin  ribbon  through  25°  to  50^. 

By  using  measurements  of  fabric  extensJ.cn  under  test  conditions  and 
fabric  light  penetrability  under  stress,  the  change  in  effective  pore 
area  can  then  be  calculated.  This  area  value  was  then  used  in  cal¬ 
culating  the  Reynolds  number  for  a  given  flow  rate.  From  an  empiri¬ 
cally  deteirmined  relationship  of  projected  area  discharge  coeffi¬ 
cients  and  Reynolds  number,  Klein  then  determined  the  projected  area 
discharge  coefficient  and  finally  the  effective  'twisted'  area  dis¬ 
charge  coefficient  for  fabrics.  Tlie  'twisted  area'  discharge  coef¬ 
ficient  thus  calculated  was  observed  to  be  in  agreement  with  the 
measured  discharge  coefficient  for  selected  fabrics  of  low  porosity. 

Viewing  this  development  of  our  knowledge  of  airflov;  through 
textile  structures,  one  becomes  av;are  of  the  importance  of  having 
information  relating  to  the  geometry  of  the  cloth  and  the  change 
in  this  geometry  with  the  stresses  of  parachute  usage.  Development 
of  such  information  was  the  goal  of  the  second  part  of  this  research 
at  M. I.T.  Part  II  of  this  report  presents  the  work  carried  out  in 
the  Textile  Division  to  evaluate  geometric  effects,  stress-strain 
behavior  under  biaxial  tensile  conditions,  alterations  in  pore  geo¬ 
metry  resulting  from  applied  stresses,  and  the  influence  of  prestress 
on  air  flow  behavior  of  selected  fabrics. 
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Directional  Effects 


During  high  pressure  drop  air  permeability  studies  of  Fabric  e9 
of  W.A.D.C.  TR-57-443  (600  Ib/in  Dacron  cloth),  it  was  noted  that  the 
air  stream  did  not  issue  normal  to  the  cloth  but  seemed  to  be  civerted 
considerably  to  one  side.  Such  behavior  is  not  found  in  the  case  of 
wire  screens,  and  had  not  been  noticed  before  for  ether  fabrics.  Closer 
examination  revealed  the  following  differences  between  wire-screens  and 
fabrics,  pointing  up  possible  reasons  for  the  effect.  First,  wire  screens 
are  rigid  in  the  usual  pressure  ranges  of  interest  but  conventional  para¬ 
chute  fabrics  deform  under  the  slightest  pressure  difference.  Therefore, 
the  incident  flow  need  not  be  everywhere  normal  to  the  plane  of  the  fab¬ 
ric.  Second,  a  study  of  the  geometry  of  woven  cloth  shows  an  infinite 
number  of  ways  that  orifices  can  be  formed.  Differences  in  orifice 
orientation,  shape,  size  and  length,  over  and  above  the  normal  statis¬ 
tical  variation  cannot  only  occur  from  fabric  to  fabric,  but  in  the 
same  specimen. 

The  problem  of  'directional'  behavior  of  a  fabric  can  be  formulated 
in  the  following  questions.  VThat  types  of  fabric  show  a  directional  ef¬ 
fect  of  flow?  Under  what  conditions  of  flow  does  this  effect  .'rake  place? 
For  a  given  fabric  construction  what  are  the  variables  that  affect  the 
overall  airstream  deflection?  I'Jhat  mechanisms  determine  the  degree  of 
deflection  in  a  given  material? 

The  'directional'  phase  of  the  program  has  given  partial  answers  to 
the  above  questions  and  has  brought  out  some  significant  results.  Fab¬ 
rics  S3,  S6,  S8  have  been  studied  and  in  addition  Fabrics  E6  and  E9  of 
W.A.D.C.  T.l  37-443.  The  fabric  construction  details  are  available  in 
Appendix  I  of  this  report. 

Equipment  for  Directional  Studies; 

The  permeometer  used  for  the  study  of  directional  effect  of  airflow 
has  been  described  in  WADG  TE  57-443.  The  modifications  necessary  to 
take  quantitative  angle  measurements  are  described  below: 

Two  pieces  of  aluminum  channel,  1^x4 '  and  4'  long,  were  bolted  to 
the  base  plate  (See  Fig.  25.1),  such  that  the  plane  of  the  large  flat 
surface  of  air  channel  was  in  one  case  parallel  to  the  warp  yarns  and 
in  the  other  to  the  filling  yarns.  The  indicating  element  was  a  very 
fine  nylon  fiber,  2'  long,  which  was  attached  to  a  stiff  copper  wire 
stretched  across  two  screws.  Tne  wire  formed  one  diagonal  of  the  4  inch 
square  formed  by  the  fabric  inside  the  jaws  and  was  1  3/8'  from  the  un¬ 
deformed  specimen. 

Tw  special  film  protractors  were  prepared  by  inking  half  circles 
of  polar  coordinate  graph  paper  and  photographing  them.  These  were  pasted 
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Figure  25.1.  Directional  Indicotor  on  Permeonieter 
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on  4"  X  6"  mirrors,  and  the  mirrors  lined  up  on  the  channels  such 
that  the  base  of  the  semi-circular  protractor  was  coincident  with  the 
stiff  copper  wires,  center  to  center,  without  parallax.  The  mirrors 
were  then  taped  into  place.  The  distance  between  the  edge  of  the 
jaws  and  the  mirrors  is  not  critical,  but  in  the  present  equipment 
was  equal  to  2".  The  mirrors  were  set  up  so  that  (referring  to  Fig. 
25.1),  a  projection  of  the  'waiT>  plane  angle'  would  be  obtained  on 
the  filling  mirror  and  vice  versa.  The  error  in  the  angle  measure¬ 
ment  was  -  2°  mainly  due  to  slight  flutter  of  the  indicating  fiber. 

Analysis  of  Directional  Flow  Data 

It  is  necessary  because  of  the  three  dimensional  nature  of  the 
fabric  cum  flow  system,  to  pick  a  reference  system  of  coordinates 
(Fig.  25.2a).  The  face  of  the  fabric  is  arbitrarily  taken  as  that 
side  which  is  concealed  in  the  roll  as  supplied  by  WADC.  The  fab¬ 
ric  visible  on  the  outside  of  this  roll  is  taken  as  the  fabric  re¬ 
verse  side.  The  warp  positive  direction  goes  into  the  roll,  and  the 
filling  direction  is  chosen  as  positive  in  the  direction  determined 
by  rotation  of  the  warp  counterclockwise  through  T/2  as  viewed  in 
the  face  plane  of  the  fabric. 

On  the  reverse  side  it  is  seen  that  the  warp  positive  directions 
match,  but  the  filling  direction  originally  chosen  as  positive,  re¬ 
verses  itself  if  the  warp  is  rotated  counterclockwise,  in  the  plane 
of  this  side.  For  reasons  specified  below,  we  change  the  convention 
of  filling  positive  direction  for  the  reverse  side.  The  reason  for 
this  becomes  clear  if  we  consider  Figure  25.2b.  The  line  AOA'  is  a 
line  in  space  through  a  fabric  plane.  It  can  be  seen  that  OA*  is  in 
the  first  quadrant  of  the  face  plane,  but  if  we  can  change  convention 
for  the  reverse  plane  the  line  AOA*  will  be  in  the  first  quadrant  in 
both  face  and  reverse  planes  and  the  trigonometric  functions  would  re¬ 
tain  the  same  sign.  Thus  an  Inconsistency  in  flow  deviations  would 
iniaediately  become  apparent. 

Referring  to  Figijre  25.2c  which  is  a  head-on  view  of  the  fabric 
and  mirror  system,  the  indicator  fiber  is  shown  in  each  of  the  four 
directions  it  could  assume  in  a  directional  flow  e]q>eriment.  The 
'warp  plane  angle'  (  /)  )  is  the  angle  made  by  the  projection  of  the 
fiber  on  the  warp  mirror  with  the  projection  of  the  duct  axis  on  that 
mirror.  The  filling  plane  angle  (  oc  )  is  the  angle  made  by  the  pro¬ 
jection  of  the  indicator  fiber  on  the  filling  mirror  with  the  corres¬ 
ponding  projection  of  the  airduct  axis.  Now  ()  is  considered  positive. 
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Figure  25^.  Fobric  Airstreom  Orientotion  Scheme 


in  Figures  25.2c(2)  and  25.2c(3)  and  negative,  in  Figures  25.2c(l) 
and  c(4).  At  the  same  time,  oc  is  positive  in  Figure  25.2c(l)  and 
c(2);  negative  in  c(3>  and  c(4). 

The  final  form  of  the  data  has  been  reported  with  reference  to 
a  spherical  coordinate  system  (Figure  25. 2d).  If  the  indicating 
fiber  makes  angles  ^  ,  oc  with  the  warp  and  filling  mirrors  shown 
as  ZON’  and  ZOP'  respectively,  then  these  can  be  transformed  into 
the  latitude  angle  ^  and  the  azimuth  angle  by  means  of  the  relation¬ 
ships 

tan  ^  ^ tan^  o<  +  tan^^' 

tan  9  =  tanfi  /tanec 

From  these  equations  it  '  clear  that  we  cannot  distinguish  between 
conditions  25.2c(l)  and  t  ■  3)  or  between  c(2)  and  c(4)  if  the  para¬ 
meters  and  9  are  used  to  characterize  the  flow.  Additional  infor¬ 
mation  taken  from  the  oo  and  ^  signs  must  be  used  to  designate  the 
deflection  quadrant. 

Experimental  Procedure  and  Exploratory  Work; 

The  experimental  procedure  was  similar  to  taking  measurements  on 
penneability  with 'one  exception.  Precautions  were  taken  to  ensure 
that  the  approach  flow  was  normal  to  the  fabric  and  that  the  backing 
diaphragm  was  mounted  centrally  when  clamping  the  fabric.  Initially, 
the  following  factors  were  investigated; 

1.  degree  of  clamping 

2.  effect  on  angles  of  rotation  of  the  specimen  in  its  own  plane 
through  T /2. 

3.  consistency  of  angles  with  respect  to  the  flow  being  incident 
on  the  face  or  on  the  reverse. 

4.  effect  of  area  of  flow  on  the  angles;  due  to  the  clamping 

^wVi.cs  Ijs  slvi  of  ^Xffozrsntz  Swiross 

patterns . 

5.  flow  through  the  corners. 

The  specimen  fabrics  for  the  initial  probing  studies  were  the 
same  ones  that  had  been  used  for  WADC  TR  57-443,  specifically  fabric 
E9.  The  final  data  is  reported  in  terms  of  freshly  cut  sanq>les  care¬ 
fully  marked  and  chosen  so  as  to  be  contiguous  to  those  used  in  other 
tests  reported  at  this  time.  Findings  of  our  exploratory  tests  are 
cited  below: 

1.  The  degree  of  clait^>ing  did  not  affect  the  angles.  The  clamp¬ 
ing  was  not  varied  quantitatively,  and  therefore,  not 

/ 
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reprcducibly.  But  a  wide  difference  in  tautness  cf  the 
fabric  specimen  did  net  seem  to  change  the  directional 
flow. 

2.  Mien  the  fabric  was  rotated  through  90^  in  its  o\m  plane, 
the  directional  flow  consistently  followed  this  change. 

3.  The  consistency  of  angles  is  discussed  in  conjunction  with 
the  final  data. 

4.  Tlie  effect  of  area  of  flow  on  the  angles.  In  one  case  the 
flew  was  allowed  to  take  place  through  the  central  1  (one) 
square  inch  of  the  fabric.  In  the  other  the  flow  was  allowed 
to  take  place  without  any  backing  dental  rubber  diaphragm 
whatsoever.  The  change  was  remarkable.  There  was  almost 
three  times  as  much  deflection  in  the  latter  as  in  the 
former. 

5.  Flow  through  the  corners.  The  fabric  was  backed  up  by  a 
diaphragm  that  had  an  opening  cf  1  square  inch  in  the  cen¬ 
ter  of  one  specimen  quadrant  for  each  experiment.  All  four 
quadrants  were  thus  investigated.  This  experiment  v/as  car¬ 
ried  out  because  it  V7as  noticed  that  when  the  fabric  was 
completely  open  (15  sq.in)  the  flow  seemed  to  be  conoetitrated 
in  half  the  area  available  to  flov;.  The  results  of  these 
qualitative  tests  indicated  that  the  flow  in  each  quadrant 
generally  agreed  with  the  expected  combined  directional 
effects  of  the  local  fabric  inclination  and  the  inhervent 
deflectional  characteristics  cf  the  cloth  pores. 

Discussion  of  Results; 


The  deflection  angle  data  are  presented  in  tabular  form  in  Tables 
7,  8,  and  the  flow  data  are  presented  in  graphical  form  in  Figure 
25.  Table  5  contains  the  experimental  results  on  S3,  S8,  and  SG  of 
the  current  contract  which  aro  detailed  in  Appendix  Ig  Table  10« 
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Face  exposed  to  atm.  presstire.  Flov;  Incident  to  reve: 
Reverse  escposed  to  atm.  pressure.  Flow  incident  to  L 


WADC  TR  59-374 


63 


Reverse  exposed  to  atra.  pressure;  Flow  incident  to 
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and  of  Fabric  E6  of  WADC  TR  57-443.  Tables  7  and  8  were  obtaineu 
from  studies  on  Fabric  29  of  the  same  report,  the  fornTer  being 
data  taken  with  flow  only  through  the  central  l(one)  square  inch 
and  tlie  latter  being  data  taken  with  flow  through  all  sixteen  square 
inches  held  by  the  jaws.  Samples  29^,  and  E9„  were  fresh  samples; 
293  had  been  used  in  WADC  TR  57-443.  The  discussion  will  treat  the 
questions  posed  by  the  general  formulation  of  the  airflow  problem 
before  a  study  of  Fabric  29  which  showed  the  most  effect,  is  under¬ 
taken. 


1.  What  types  of  fabrics  show  a  directional  effect  of 
flow?  The  data  of  Tables  6  and  7  would  indicate  that  all  fabrics 
show  a  slight  effect,  though  in  the  case  of  Fabric  S3  the  effect 
is  within  the  limits  of  experimental  uncertainty  2°  in  the 
measurement  of of  and  p).  Compare  the  yarn  specifications  of  the 
various  fabrics;  it  is  obvious  that  the  directional  effect  in¬ 
creases  as  denier  and  thickness  increases.  (See  Appendix  I). 
Confining  attention  to  Fabrics  S3,  S8,  and  So  the  deflection 
angles  are  approximately  the  same  whereas  Fabric  26  shov;s  con¬ 
siderably  more  deflection  than  the  other  three.  Tlius  the  data 
would  indicate  that  the  effect  is  present  only  after  a  minimum  yarn 
diameter  is  reached  or  a  minimum  fabric  thickness  or  pore  length 

is  attained. 

2.  Under  what  conditions  of  flow  does  this  effect  take 

place?  In  general,  the  effect  of  varying  pressure  drop  across 
the  specimen  did  not  affect  the  angles  for  experiments  in  which 
only  1  square  inch  was  exposed.  However,  Fabric  29  showed  an 
appreciable  change  (Table  8  )  when  16  square  inches  were  exposed. 

3.  For  a  given  fabric  construction  what  are  the  variables 
that  affect  the  overall  airstream  deflection:  The  two  different 
conditions  that  were  tested  were  consistency  of  flow  being  in¬ 
cident  on  the  face  and  the  reverse,  and  change  of  area  exposed 
to  flow.  The  data  on  26  showed  that  the  stream  was  not  turned 
around  on  itself  due  to  pore  curvature.  But  the  data  on  29^  vs. 

292  showed  that  the  deflection  depended  on  \diich  side  was  approached 
by  the  flow- -remembering  the  coordinate  transformation- -since  this 
is  a  very  thick  parachute  material,  the  channel  could  be  con¬ 
siderably  curved  inside.  29  showed  a  different  deviation  than 
292*  Since  the  former  was  an  extensively  cycled  sample,  the 
difference  may  be  due  to  a  change  in  the  viscoelastic  properties 
of  the  yarns.  This  difference  however,  vjas  not  reflected  by  the 
permeability  data  of  Figure  26.  On  this  graph  the  orifice  pressure 
drop  is  plotted  against  the  fabric  pressure  drop  to  determine  the 
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difference  in  permeability.  It  is  seen  that  depending  on  which 
side  is  exposed  to  the  flow,  the  permeability  varies,  and  tlie 
difference  is  6.5%  at  Ap (fabric)  =  200".  Hie  effect  is  not  a 
very  large  one  but  it  is  consistent  with  the  differences  in 
deviational  characteristics  of  the  two  sides. 

Table  8  shows  the  most  significant  finding  of  this  study,  namely, 
that  depending  on  the  stress  conditions  imposed  on  the  fabric 
the  orifices  can  assume  different  configurations.  For  in  the 
case  of  Fabric  E9  exposed  to  air  only  over  an  area  of  uniform 
stress  concentrations  (I"  square  at  the  centre-data  of  Table  7  ) 
the  angle  was  never  more  than  17°  and  had  become  constant  with 
further  changes  in  (fabric),  whereas  in  the  completely  open  case 
the  angle  was  as  high  as  A0°  and  decreasing  with  increasing  hy¬ 
drostatic  pressure.  In  the  latter  case  the  fabric  progressively 
closer  to  the  jaws  and  away  from  the  center,  experience  stresses 
continuously  departing  from  biaxial  unifoirmity,  until  at  the 
very  edge  of  the  jaw  only  the  yarns  normal  to  the  edges  are 
stressed.  Tlie  data  shows  that  as  the  hydrostatic  pressure  is  in¬ 
creased  the  effect  of  this  nonuniformity  on  the  directional 
effect  decreases. 

Sunmary  of  Results;  The  practical  application  of  the  results 
of  this  study  to  parachute  design  is  not  self  evident,  but  a 
few  jenpral  results  may  nov;  he  stated: 

1.  Tlie  deviation  of  an  airstream  by  a  parachute 

fabric  is  directly  proportional  to  thickness.  Correspondingly, 
thicker  fabrics  show  different  airflow  characteristics 
depending  on  vdiichever  side  is  presented  to  the  stream. 

2.  Parachute  fabrics  can  be  made  to  divert  the  stream 
by  imposing  different  stress  patterns  on  the  tv;o  different 
axes.  This  conclusion  was  reached  on  the  present  per- 
meomete’'  set-up  and  would  have  to  be  checked  on  different 
jaw  C07.  igurations  for  confirmation. 

Further  comments  on  tnose  aspects  of  pore  shape  which  lead  to 
airstream  deflection  vail  be  presented  in  the  detailed  section 
on  fabric  geometry. 
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Prestress  Airflow  Studies 


It  has  been  fully  recognized  that  stresses  imposed  by  a 
pressure  drop  across  a  textile  fabric  in  an  airflow  test  lead  to 
enlargement  of  the  cloth  pores.  If  the  stresses  applied  to  the 
fabric  are  independent  of  the  pressure  drop,  or  at  least  are 
dependent  on  another  variable  besidf.r;  pressure  drop,  we  may 
expect  that  the  geometric  porosity  will  not  be  a  univalued  function 
of  pressure  drop.  Likev;ise,  air  permeability  will  not  be  a 
univalued  function  of  pres^are  drop. 

If  the  stress  in  the  fabric  plane  can  be  held  constant  during 
an  air  flow  test  the  geometric  porosity  should  likex^ise  remain 
fixed  and  the  air  flow  can  be  expressed  as  a  univalued  function  of 
the  pressure  drop  at  each  density.  A  different  univalued  relation 
should  exist  for  each  stress  level  as  pictured  iu  Fig.  27.  Here 
v.'e  assume  a  fixed  density  of  air  flow.  Tne  relationships  of  Q 
as  a  function  of Af alone  are  marked  as  curves  a,b,c,d,e,  and  f. 

In  an  actual  airflow  test  the  pressure  drop  across  the  fabric 
develops  fabric  stress,  so  in  effect  the  real  Q  vs.  Ap  relationship 
follows  curve  a  for  a  short  time,  then  moves  to  curve  b,  curve  c 
and  so  on  as  shovm  for  curve  A.  In  the  absence  of  stre.ss  buildup 
data,  the  technologist  measures  only  curve  B,  O'  vs.Ap  ,  or  the 
projection  of  curve  A  on  the  o  vs.Ap  plane,  'fhe  projection  of 
curve  A  on  the  ff’vs.  plane  is  shovm  as  curve  C.  Clearly,  the 
curve  B  of  0  vs. Apis  misleading  for  its  taight  depends  entirely 
on  the  relationship  of  C  vs.  Ap  and  the  strains  which  result  from 
the  stress  level.  It  will  be  shown  later  that  the  (S  vs.  curves 
depend  on  fabric  properties  and  jav?  geometry. 

To  approximate  the  pure  airflow  curves  (a,b,c,d,e,  and  f  of 
Fig.  27)  a  prestress  device  has  been  designed  and  built  for  use 
in  the  airflow  tests  of  this  program.  Tlie  tensions  applied  by 
this  device  were  to  approximate  the  tensions  developed  across  a 
4  square  fabric  specimen  subjected  to  pressure  differentials  of 
3,0,9  and  12  Ib/in  respectively.  In  other  v/ords,  the  fabric  was 
allowed  to  assume  the  shape  and  strain  it  v;ould  normally  assume 
under  a  pressure  differential  of  say,  12  psi  in  a  permeometer; 
the  difference  being  that  this  stressed  condition  was  achieved 
without  the  introduction  of  airflow.  Then  the  flow  of  air  v/as 
started  and  the  permeability  measured. 

Equipment 

The  pres tress- airflov7  permeometer  uses  the  same  measurement 
and  control  orifices  and  valves  as  in  WADC  TR  57-443.  The 
modification  is  in  the  clamping  device,  which  is  mounted  on  the 
flow- tube. 
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Figure  27.  Permeability  as  a  Function  of  Pressure  Drop  and  Fabric  Stress 


Figxire  (28)  is  an  assembly  drawing  of  the  prestress  assembly 
and  Figure  29  is  a  schematic  of  the  pressurizing  tubes  of  the  rig. 

The  prestressing  device  consisted  of  two  major  parts,  the  pre¬ 
stressing  chamber  and  the  permeometer  flow  tube.  The  prestressing 
chamber  served  as  a  biaxial  loading  device  and  the  flow  tube  allowed 
passage  of  air  and  static  pressure  buildup.  The  prestress  chamber 
was  made  up  of  the  jaw  frame,  jaws,  the  cloth  sample,  the  flange 
and  the  ring.  The  flow  tube  was  rigidly  mounted  to  the  permeometer 
(WADC  TR  57-443)  and  the  prestress  unit  could  slide  on  its  outer 
surface.  The  ring  had  an  internal  annular  groove  which  carried 
tv70  inflatable  0-rings  fabricated  from  neoprene  tubing  and  copper 
tees,  the  vertical  legs  of  the  tees  being  used  for  the  inflation. 

At  the  fully  inflated  state  (50  Ib/in^),  these  tubes  prevented 
the  whole  prestress  assembly  from  sliding  off  the  end  of  the  per¬ 
meometer  during  an  experiment.  In  actual  practice,  it  was  found 
that  a  piece  of  rubber  adhesive  tape  between  the  0-rings  and  the 
flow  tube  helped  grip  the  flow  tube  more  securely.  The  ring  was 
secured  to  the  jaw  plate  by  means  of  a  threaded  flange.  To  pre¬ 
vent  binding  of  the  threads  and  to  facilitate  easy  machining  the 
ring  was  made  of  brass  whereas  the  jaws,  jaw  plate  and  flange  were 
made  of  aluminum.  The  teflon  bushing,  inserted  between  the  flange 
and  the  flow  tube  gave  a  smooth  bearing  surface  with  little  friction. 

The  deformable  wall  of  the  prestruss  chamber  consisted  of 
the  fabric,  a  fortisan  orifice  -  rubber  membrane  backing  and 
another  thin  rubber  membrane  clamped  to  the  flow  tube.  Tl^e  first 
tv;o  elements  were  prepared  the  same  way  as  the  high  pressure  per¬ 
meometer  studies  and  have  been  described  in  WADC  TR  57-443.  Cloth 
area  exposed  to  flow  was  a  1'*  square.  The  last  of  these  is  of 
prime  interest  here  as  it  formed  the  pressure  retaining  (but  not 
the  load  retaining)  wall  of  the  matrix.  It  was  cut  out  in  the 
form  of  a  6"  square  from  a  10-mil  rubber  sheet.  Holes  corresponding 
to  the  Allen-head  screvjs  on  the  jaw  plate  and  jaws  were  punched 
along  the  sides.  A  3/4*'  diameter  hole  was  punched  in  the  center  and 
the  membrane  was  expanded  over  and  clamped  tt  ihe  flow  tube  by  means 
of  tv/isted  copper  vdres,  A  thicker  piece  of  rubber  (16  mils)  v/as 
inserted  between  the  membrane  and  the  wires  to  prevent  tearing. 

This  thicker  piece  and  the  copper  wires  are  shown  as  the  clamp  in 
the  Fig.  28. 

The  flow  tube  was  made  out  of  a  piece  of  1%*’  standard  steel 
pipe.  Its  surface  v/as  smoothed  and  polished  to  facilitate  easy 
travel  for  the  prestress  jig.  This  movement  was  an  essential 
characteristic  of  the  equipment  and  the  assembly  was  designed  such 
that  at  any  prestress  pressure,  it  automatically  slid  back  until 
the  tensioned  fabric  was  flush  against  the  flow  tube.  Once  the 
assembly  had  attained  this  state  the  0-rings  could  be  inflated  to 
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Figure  28.  Assembly  of  Prestressing  Device 
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maintain  the  assembly  rigid,  and  the  fabric  tensioned  equivalent 
to  the  specified  pressures  during  air  flow. 

To  help  the  assembly  slide  back  during  pretensioning  as  well 
as  to  provide  a  slight  clearance  for  the  leakage  of  air  (pressure 
control  in  the  prestress  chamber  was  easier  in  such  a  case) ,  the 
Teflon  bushing  and  the  bore  of  the  jaw  plate  were  machined  to 
within  0.003"  of  the  flow  tube.  Tliis  clearance  provided  the  right 
nmount  of  leakage  along  the  flow  tube  and  out  through  4  holes  in 
the  ring  to  lubricate  and  to  maintain  a  steady  pressure.  One  of 
the  4  holes  is  shown  in  the  Fig.  28. 

Fig.  29  is  a  schematie  of  the  pressure  connections  used  in 
the  assembly.  The  inflatable  0-rings  were  pressurized  from  a 
nitrogen  cyclinder  as  shown,  the  valving  not  being  critical. 
However,  to  pressurize  the  prestress  chamber  from  the  compressor 
supply  line,  needle  valves  were  used  both  for  the  main  and  the 
by-pass.  The  other  connections  are  self-explanatory.  Mercury 
manometers  were  used  for  all  pressure  measurement,  except  for 
orifice  pressure  drop,  where  water  manometers  were  used.  Fig.  30 
shows  the  prestress  device  in  place  on  the  permeometer.  Fig.  31 
shows  a  closeup  of  the  prestress  device. 

Procedure 


A  test  on  a  prestressed  fabric  at  a  constant  prestress  level 
v/as  carried  out  in  three  steps  1)  sample  mounting,  2)  sample  pre¬ 
stressing  and  3)  flow  measurement. 

1)  Sample  mounting:  Prior  to  mounting  a  cloth  sample 
on  the  prestressing  device,  it  v;as  translated  ;d.thout  rotation 
to  its  extreme  position  on  the  tube,  v^here  it  was  rigidly  held 
by  means  of  the  inflated  0-rings,  (50  psig).  The  sample  was 
aligned  so  that  the  warp  and  filling  yarns  were  parallel  to  the 
edges  and  tightened  v;ith  a  small  amount  of  pretension.  The 
pressure  on  the  0-rings  v/as  then  released  and  the  device  pushed 
back  and  the  movement  checked  to  assimie  free  running. 

2)  Sample  prestressing:  After  the  sample  was  mounted  the 
prestress  pressure  line  was  slowly  opened  until  the  required  mer¬ 
cury  column  was  obtained.  The  device  was  secured  to  the  flow 
tube  and  then  the  sample  was  ready  for  flox^  measurements. 

3)  Flow  measurement:  Each  individually  mounted  and  pre¬ 
stressed  sample  was  subjected  to  a  series  of  increasing  pressure 
differentials  at  each  prestress  level.  The  pressures  recorded 
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Fi^jure  29.  Schematic  of  PrestressinQ  Device 


FIGURE  30.  PHO' 
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FIGURE  31.  CLOSE-UP  OF  PRESTRESSING  DEVICE 


vjere  1)  fabric  differential  pressure,  2)  differential  pressure 
across  orifices  and  3)  prestress  pressure. 

Three  samples  of  each  of  the  four  fabrics  under  study  were 
tested  at  the  prestress  levels  of  3,6,9  and  12  Ib/in^.  Flow 
measurements  were  taken  at  differential  pressure  increments 
until  the  prestress  pressure  was  equalled.  In  inches  of  water 
these  correspond  to  82,  164,  248,  and  330  inches  respectively. 
Beyond  this  point  the  prestressing  does  not  contribute  any  more 
to  the  fabric  configuration  and  the  permeability  is  the  same  as 
would  be  obtained  in  standard  permeometer  tests.  Therefore,  the 
permeability  values  at  each  prestress  level  are  reported  at 
intervals  of  differential  pressures  with  the  maxima  stated  above. 

Test  Results  of  Prestress  Experiments 

The  test  dataare  reported  in  Figures  32,  33,  34  and  35  in 
terras  of  volume  flow  versus  pressure  differential  across  the 
fabric.  The  curves  marked  'a*  refer  to  the  unprestressed  test 
the  curves  marked  'b',  'c',  'd*,  and  'e'  refer  to  the  tests  run 
on  samples  prestressed  as  noted.  In  all  four  figures  the  'Volume 
Flow'  is  calculated  using  the  current  method  cited  in  Table  2 
i.e.  the  quantity  C  is  plotted  not  Q' .  To  permit  direct  comparison 
of  the  results  of  this  set  of  tests  with  those  reported  in  WADC 
TR  57-443  and  WADC  TR  56-576  for  this  same  permeometer  the  data 
must  be  converted  from  Q  to  Q' ,  according  to  Equation  (9)  by 
multiplying  by  Tlie  conversion  factors  over  the  range  of 

differential  pressures  studied  are  plotted  for  convenience  in 
Fig.  3o. 


Discussion  of  Prestress  Data 


All  prestress  peinneability  curves  lie  above  the  zero  stress 
permeability  curves  for  Fabrics  S3,  S6,  S8  and  ElO.  This  confirms 
the  general  pattern  portrayed  in  Fig.  27.  The  manner  in  which 
curves  b,c,d,  and  e  approach  curve  a  in  the  data  of  Fabrics  S3 
and  S8  demonstrates  the  fact  that  the  'zero  prestress'  condition 
does  in  fact  involve  fabric  stress  and  the  apparent  permeability. 

Of'  is  actually  a  projection  of  the  true  permeability  curve  on 
tiie  Q  vs. /Up  plane. 

It  was  observed  that  the  prestress  permeabilities  showed  small 
variability  for  tests  at  low  pressure  differentials.  Here  too, 
the  prestressed  permeabilities  ran  from  50  to  1007.  higher  than  the 
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Figure  32.  Volume  Flow  vs.  Differential  Pressure  Sample  S*3 


DIFFERENTIAL  PRESSURE  ACROSS  FABRIC  (inches  woter) 
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Figure  35.  Volume  Flow  vs  Differential  Pressure.  Sample  S‘6 
Prestress:  a  :  0  psi 

b=  3 
c  =  6 
ds  9 

er  12 


DFFEFIENTIAL  PRESSURE  ACROSS  FABRIC  (inches  wafer) 
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Figur*  34. 


Votum*  Flow  vs.  Difftrsnfiol  Prtssure.  Somple  8*8 


Prtstross:  a  *  0  psi 
bs  3 
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VOLUME  FLOW  X  10*2  (  S.C.F..M/fl2) 


Figure  35.  Volume  Flow  vs.  Differential  Pressure.  Somple  £**10 


DIFFERENTIAL  PRESSU.RE  ACROSS  FABRIC  (inches  woler) 
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LOW  UNIT  CONVERSION  COEFFICIENT 


Figur*  36.  Flow  Conversion  Coefficient  vs.DifferenticM  Pressure 


DIFFERENTIAL  PRESSURE  ACROSS  FABRIC 
(inches  woter) 
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'unpres tressed’  values,  indicating  the  importance  of  local  fabric 
distortions  in  detensining  actual  air  flow  behavior.  At  higher 
pressure  drops  the  prestress  data  becoraes  raore  erratic  and  it  is 
questionable  whether  the  last  third  of  each  prestress  curve  has 
other  than  heuristic  value.  Further  coiment  on  the  prestress  per¬ 
meability  behavior  of  the  test  fabrics  will  be  reserved  for  the 
discussions  of  cloth  geometry  and  biaxial  stress-strain  behavior. 

Tests  on  Field  Prestressed  Specimens  (Aged) 

Tne  Textile  Branch  at  WADC  furnished  cloth  canopy  sections 
taken  from  parachutes  vjhich  had  been  jumped  6  times  and  13  times 
respectively.  The  material  of  the  canopies  was  Fabric  S8.  Three 
samples  of  each  'mechanically  aged*  group  were  tested  on  the  per- 
meoneter.  Flow  at  differential  pressures  up  to  300  inches  in 
H2O  vas  measured  for  the  unaged  S8,  the  6  jumps  canopy  and  the  13 
jmap  canopy.  The  prestressing  device  was  used  v;ithout  prestress 
pressures.  In  Fig.  37, the  Volume  Flow,  Q  is  plotted  against 
Differential  Pressure  tor  all  three  material  states.  The  data 
was  closely  bunched  around  the  average  cur\'e  (solid  line)  v;ithin 
bounds  of  the  dotted  curves.  There  was  no  consistent  trend 
towards  an  increase  i.n  permeability  vn.th  increasing  ninnber  of 
jvimps,  therefore,  the  data  was  simply  grouped  within  the  relatively 
narrow  limits  of  the  dotted  curves.  In  short,  there  is  no 
evidence  in  the  samples  tested  that  6  and  13  jumps  significantly 
alter  the  air  permeability  of  the  fabric  S8. 
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Figure  37.  Volume  Flow  vs  Oifferentlol  Pressure  Som{le  S*3  (oged) 
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Fabric  Stresses  During  Air  Flow  Measurements 


The  build-up  of  planar  stresses  in  a  textile  fabric  subjected 
to  a  pressure  drop  (exerted  normal  to  the  cloth  plane)  depends  on 
the  properties  of  the  material  and  on  the  geometry  of  the  specimen 
jaw.  There  is  no  guarantee  that  stresses  in  warp  and  filling  yarns 
will  be  equal  simply  because  the  specimen  jaw  is  either  square,  or 
circular.  Material  specifications  list  the  properties  of  parachute 
cloth  as  balanced  in  warp  and  filling  directions.  But  there  is  no 
control  exerted  on  the  crimp  in  warp  and  filling  yarns  and  frequently 
fabrics  balanced  in  all  other  aspects,  are  unbalanced  in  crimp  as  a 
result  of  weaving  tensions  or  subsequent  finishing  tech-niques .  Where 
crinq>  unbalance  exists,  the  stress  build-up  in  a  sqxiare  jaw  (such  as 
that  used  on  the  M.I.T.  permeometers)  differs  between  warp  and 
fillings. 

The  build-up  of  fabric  stress  will  also  vary  across  the  specimen 
in  a  given  jaw  with  the  cloth  in  the  center  of  the  square  subjected 
to  a  biaxial  stress  and  the  cloth  at  the  sides  of  the  square  subjected 
to  uniaxial  stress.  This  distribution  of  stresses  was  measured  and 
reported  in  WADC  TR  57-A43  (3) .  It  was  to  avoid  this  varied  stress 
condition  that  the  'membrane-oriifee*  was  developed  and  used  to  res¬ 
trict  airflow  measurements  to  the  biaxially  stressed  center- square- 
inch  of  the  fabric  specimen. 

Measurements  of  stress  build-up  at  the  center  of  the  specimen 
during  airflow  were  found  to  duplicate  those  stresses  ^Ich  developed 
at  the  center  of  a  hydrostatically  loaded  specimen.  Thus,  by  utilizing 
a  full  membrane  instead  of  the  'membrane-orifice'  both  stress  build-up 
and  strain  measurements  could  be  taken  with  complete  control  of  the 
conditions  at  the  center  of  the  specimen. 

Once  the  stress  bulld-vq>  in  warp  and  filling  was  determined 
for  the  hydrostatic  condition,  together  with  accooqianying  strains, 
it  remained  to  reproduce  these  same  conditions  cn  a  more  versatile 
biaxial  test  unit.  Such  a  unit  was  designed  and  constructed  in 
the  Textile  Division  and  it  permitted  application  of  stress 
embedding  techniques  for  close  Internal  examination  of  stressed 
fabrics.  For  the  fabrics  stressed  under  the  hydrostatic  condition 
only  surface  photographs  and  measurements  were  possible.  For  the 
stress-embedded  case,  cross-sectional  photographs  were  possible 
and  permitted  a  three  dimensional  view  of  pore  and  yam  distortion 
tmder  stress  conditions  corresponding  to  actual  loading  in  the 
permeometer. 

This  section  presents  the  results  of  hydrostatically  Induced 
stress-strain  measurements  and  mechanically  Induced  biaxial-stress 
tests. 
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Hydrostatic  Tests 


Test  Apparatus.  The  equipment  used  in  the  static  tests  con¬ 
sisted  of  jaws,  pre«»surc  system,  strain  gage  recorder,  and  photo¬ 
graphic  equipment. 

The  jaws  used  for  the  tester  are  similar  to  those  described 
earlier  in  WADC  TR  57-443  and  are  equipped  with  strain  gage  lead 
cells,  mounted  on  split  jaw  sections  lying  in  two  orthogonal  di¬ 
rections,  as  well  as  initial  angle  measuring  devices.  In  the  case 
of  the  present  test,  the  jaw  assembly  has  been  removed  from  the 
pemeometer  and  has  been  mounted  in  a  closed  pressure  system  teat 
stand  (see  Fig.  38).  A  thin  rubber  membrane  (010  thick)  has  been 
mounted  across  the  entire  face  and  provides  complete  sealing  between 
pressure  system  and  fabric.  Because  of  the  low  modulus  of  the  thin 
membrane  the  load  is  effectively  taken  up  by  the  fabric  sample  itself. 

The  pressure  system  consists  of  a  nitrogen  tank  reduction  and 
control  valves,  associated  connection  levers,  and  a  mercury  manometer 
capable  of  a  36  psig.  range.  The  output  of  the  split  jaw  load  cells 
was  fed  into  a  two  channel  Sanborn  recorder  enabling  continual  ob¬ 
servation  of  fabric  load  development  due  to  pressure  change,  fabric 
relaxation  and  creep.  A  Hasselblad* 1000  F.  single  lens  reflex  was 
used  with  6  mm  close  up  rings  enabling  1:1  reproduction  of  1"  gage 
lengths  in  both  warp  and  fill  direction.  A  darkroom  enlarger  was 
used  to  further  magnify  the  negatives  enabling  total  magnification 
of  6X. 

Test  Procedure.  A  square  9”  x9"  was  cut  and  correctly  marked 
for  type  and  thread  direction.  A  template  was  used  to  outline 
mounting  holes  which  were  then  burned  in  with  the  use  of  a  solder¬ 
ing  iron  (this  method  produces  fusing  of  the  dacron  or  nylon  mate¬ 
rial  surrounding  the  hole  and  strengthens  the  mounting  area) .  Or¬ 
thogonal  lines  in  warp  and  fill  direction  were  drawn  to  indicate 
the  center  of  the  test  section.  Black  plastic  adhesive  tape  was 
cut  in  small  strips  and  attached  to  the  sample  so  as  to  provide 
well  defined  one  inch  gage  lengths  at  the  center  of  the  sample. 

A  small  piece  of  graph  paper  indicating  sample  number  and  warp 
direction  was  rubber  cemented  near  the  center  of  the  sample.  This 
graph  paper  served  as  identification  and  calibration  for  all  sub¬ 
sequent  strain  measurement  made  from  the  enlarged  negatives. 

H...  3an5>le  was  centered  over  the  rubber  membrane  and  the  jaws 
were  secured.  Care  was  taken  to  keep  the  warp  and  fill  directions 
in  line  with  the  split  j*r*’  edges,  while  at  the  same  time  removing 
all  slack  from  the  sample.  Although  no  pre- tension  device  is  used 
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FIGURE  38.  CLOSED  PRESSURE  SYSTEM 

TEST 
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irt  c:K>un£lag.  operator  experience  soon  permitted  fairly  uniform  loading 
technique.  Once  the  sas^le  was  mounted,  the  angle  measuring  device  was 
set  at  the  zero  position.  This  device  was  slightly  pretensioned  with 
the  use  of  soft  elastic  thread.  In  the  final  mounted  position,  a  4" 

X  4'  area  is  exposed  to  air  pressure.  The  actual  procedure  follows: 

1.  Initial  gage  lenxths  were  photographed  in  both  an  unmounted 
anvd  luounLUil  poalLlon. 

2.  The  Sanborn  recorder  was  balanced,  calibrated,  and  a  correct 
scale  chosen. 

3.  The  system  was  pressurized  and  the  fabric  was  allowed  to 
relax  until  the  Sanborn  Indicated  a  constant  load  in  both 
warp  and  fill  directions. 

4.  At  this  point,  pressure,  center  deflection  and  angle  mea* 
surements  were  recorded.  In  addition  a  strain  photograph 
was  taken. 

This  entire  procedure  was  then  repeated  at  a  series  of  increased  pres¬ 
sure  levels.  In  all  cases  data  was  taken  at  3,  6,  9  and  12  p.s.i.g., 
and  in  addition  at  varied  points  up  to  the  breaking  load  of  the  par¬ 
ticular  sample. 


Test 

Program  arid  Results. 

The  four 

different 

fabrics  tested  over 

a  wide  range  of  pressures  were: 

Test 

M.I.T.  Code 

Figure  No. 

MIL  Spec 

1 

S6 

39, 

40 

MIL  C-802U  T2 

2 

ElO 

41, 

42 

3 

S3 

43, 

44 

MIL  C-7350B  Tl 

A  (a) 

S8 

45, 

46 

MIL  C- 251 74  T2 

(b) 

S80A.1 

47, 

48 

WADC 

Code  27-20-78 

(c) 

S80A2 

49, 

50 

WADC 

Code  27-20-76 

In  Che  case  of  tests  1,  2,  3,  and  4a  the  samples  were  new.  Samples 
4b  and  4c  were  identical  to  4a  but  came  from  sections  of  parachutes 
that  had  been  jtsnped  13  and  6  times  respectively.  In  all  cases  at 
least  three  samples  were  tested  of  each  type  of  fabric,  In  some 
instances  further  tests  were  performed  to  provide  additional 
information. 
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200  400  600  800  KXX) 

□FFERENTIAL  PRESSURE  ACROSS  FABRIC  (In.  water) 
Figure  39.  Load  ond  Strain  vt.  Pressure.  S-6. 
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LOAD  (pounds/ inch) 


SAMPLE:  S-f 
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OFFERENTIAL  PRESSURE  ACROSS  FABRIC  (la  wottr) 

Figure  41.  Lood  ond  Stroin  vs.  Pressure.  iE'IO 
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Figur#  42.  Load  n  Stroln.  E-IO 
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PERCENT  STRAIN  LOAD  (pound* /in.) 


SAMPLE:  S~3 


Figure  43.  Lood  and  Stroin  ¥i.  Pressure.  S~3 
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LOAD  ( pounds/  inch ) 


SAMPLE:  S-3 
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200  400  6CX)  8CX)  1000 

aFFEREHTIAL  PRESaJRE  ACROSS  FABRIC  (la  wotir) 

Figure  49.  Lood  and  Strain  vs.  Prtt«ur«.  S-*8 


TR  99-374 


93 


LOAD  (pounds/ inch) 


SAMPLE;  S-8 
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0  200  400  600  800  KXX) 

DIFFEReNTiAL  PRESSURE  ACROSS  FABRIC  (la  water) 

Fifurt  47.  Load  ond  Strain  v$.  Protouro.  S^OAI 
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•iiTiT*r 


SAMPLE ;  S-8  0AI 
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PERCENT  STRAIN  LOAD  (pounds /la) 


80 


DFFERENTIAL  PRESSURE  ACROSS  FABRIC  (la  woter) 
Figurs  Load  ond  Strain  vt- Protour o  S**8  0A2 
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SAMPLE*-  S-8  0A2 


Figur*  SO-  Lood  v«.  Stroin.  S-80A2 
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Biaxial  Stressing  and  Embedding  Under  Stress 


To  stress  cloth  samples  biaxially  the  standard  tensile  tester 
INSTRON  (Instron  Engineering  Corporation,  Quincy,  Mass.)  Model  TTB 
and  a  biaxial  stress  attachment  (developed  at  M.I.T.)  were  used. 

The  biaxial  attachment  (as  shown  in  Figs.  51  and  52)  consist.s  of 
four  vertical  lead  screws  supporting  a  horizontal  frame.  The  hori¬ 
zontal  frame  has  two  cross  pieces  to  which  an  ordinary  jaw  and  a 
swivel  mounted  jaw  with  a  load  cell  can  be  attached.  These  two  cross 
pieces  can  be  moved  in  horizontal  but  opposite  directions  by  means  of 
a  hand  \dieel  attachment  in  the  front.  Each  of  the  four  lead  screws 
has  a  sprocket  at  its  top  which  can  be  connected  by  means  of  a  chain 
to  two  sprockets  on  the  Instron  lead  screws.  This  arrangement  makes, 
the  horizontal  frame  move  along  with  the  lower  jaw  of  the  Instron  at 
half  its  speed. 

Another  attachment  used  along  with  the  biaxial  attachment  is  a 
square  clamp  jaw,  designed  to  clamp  the  stressed  sample  until  it  is 
embedded  in  the  resin.  The  stress  applied  by  the  Instron  is  recorded 
by  the  Instron  recorder.  The  stress  applied  in  the  horizontal  direc¬ 
tion  is  recorded  by  the  Sanborn  recorder  (Sanborn  Company,  Cambridge, 
Mass.)  which  is  connected  to  the  load  cell  with  swivel  jaw  on  the  ho¬ 
rizontal  frame.  An  electric  saw  is  used  to  cut  the  cloth  samples 
once  embedded.  A  rough  abrador  and  a  polishing  wheel  are  used  to 
flatten  and  polish  the  two  surfaces  of  the  resin  blocks  containing 
the  samples.  A  travelling  stage  microscope  and  a  Leica  (35  mm)  ca¬ 
mera  specially  adapted  for  micro-photography  are  used  in  sample  mea¬ 
surements.  Standard  dark  room  equipment  is  used  for  processing  and 
enlarging  of  the  photographs  from  which  the  subsequent  measurements 
were  made.  Camera  lucida  equipment  is  also  used  for  direct  drawing 
of  the  sections  observed  in  the  microscope. 

The  sample  is  cut  in  a  cross  pattern  with  tail  strip  width  2" 
and  tail  lengths  11''.  Marks  at  a  distance  of  3.5*'  from  the  center 
are  made  on  each  of  the  tails.  These  marks  correspond  with  jaw  po¬ 
sition  providing  a  gage  length  of  7"  in  warp  and  filling.  Then  a 
cardboard  box  3"'  x  3‘'  x  1^"  (with  its  top  open)  is  takdn  and  slits 
of  about  2^'*  length  are  cut  on  each  of  its  sides,  at  the  same  level. 
The  sample  is  threaded  through  the  box  slits  in  such  a  way  that  the 
2“  X  2“  square  central  portion  of  the  cross  stays  in  the  box  and  the 
four  tails  stick  out.  The  warp  and  fill  directions,  the  sample  num¬ 
ber  and  the  stress  level  to  be  reached  are  marked  on  the  side  of  the 
box  for  subsequent  identification. 

The  biaxial  attachment  is  mounted  on  the  Instron  in  such  a  way 
that  the  gage  length  between  the  Instron  jaws  is  7"  and  the  horizon¬ 
tal  jaws  are  exactly  in  their  middle.  The  Instron  load  cell  is  cali¬ 
brated  on  the  Instron  recorder  and  the  load  cell  for  the  horizontal 

jaws  on  the  Sanborn  recorder. 
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FIGURE  51.  VIEW  OF  BIAXIAL  STRESS  DEVICE 
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FIGURE  52.  ESSENTIAL  PLAIN  VIEW  BIAXIAL  STRESS  DEVICE 


The  load  cell  jaw  assembly  is  then  mounted  on  the  biaxial 
attachment  and  the  load  cell  is  connected  to  the  Sanborn  recorder. 
The  sample  is  then  mounted  in  the  two  pairs  of  jaws  such  that  the 
gage  length  is  7“  in  both  directions.  A  suitable  scale  is  selec¬ 
ted  on  both  the  recorders  according  to  the  loads  required.  The 
Instron  jaw  speed  is  adjusted  to  0.1 '/min.  The  two  recording  charts 
are  started  and  the  ''down*'  button  on  the  Instron  panel  is  activated. 
The  loading  in  the  horizontal  direction  is  induced  by  rotating  the 
hand  wheel.  Care  is  taken  that  the  ratio  between  the  two  rates  of 
loading  is  maintained  equal  to  the  ratio  of  the  desired  ultimate 
loads.  Loading  is  stopped  a  few  pounds  beyond  the  required  load 
and  the  sample  is  then  allowed  to  relax  at  the  fixed  strain.  Af¬ 
ter  half  an  hour  the  loads  are  raised  again  to  the  desired  level 
and  once  more  allowed  to  relax.  The  cycle  is  continued  until 
steady  loads  at  the  desired  level  are  obtained.  The  slits  are 
then  sealed  off  from  outside  the  box  by  means  of  a  suitable  cement. 
The  sample  is  then  clamped  in  a  four  clamp  square  jaw  and  taken  out 
of  the  Instron  with  the  stress  maintained  in  the  newly  applied 
square  jaw. 

The  top  of  the  slits  are  then  sealed  off  from  inside  the  box 
with  cement.  Laminae*  (99%  vol.)  is  mixed  with  Lupersol**  DPM 
(1%  vol)  in  a  6  02.  paper  cup.  The  mixture  is  thoroughly  stirred 
and  allowed  to  stay  until  the  air  bubbles  escape.  It  is  then  poured 
into  the  box  containing  the  sample.  Care  is  taken  that  the  mixture 
is  not  poured  on  the  fabric  but  in  a  corner  of  the  box  and  allowed 
to  wet  the  fabric  from  below,  forcing  out  practically  all  the  air 
below  the  fabric.  The  box  is  then  filled  with  the  monomer  mixture 
to  a  reasonable  level. 

The  square  jaw  with  the  box  containing  the  sample  of  the  mono¬ 
mer  then  is  kept  in  the  oven  at  80°C  for  15  minutes  to  initiate 
polymerization.  Care  is  taken  that  it  does  not  remain  in  the  oven 
longer  than  10-15  minutes,  otherwise  the  polymer  cracks  in  the  pro¬ 
cess  of  polymerization.  The  sample  is  taken  out  of  the  oven  and 
allowed  to  sit  at  room  temperature  for  2  hours  to  complete  the  poly¬ 
merization.  The  sample  is  then  ready  for  cutting,  polishing  and 
photographing. 

After  the  resin  has  polymerized,  the  cardboard  box  is  taken 
out  of  the  clamps  and  the  cloth  tails  are  cut.  The  box  is  then 
saw  cut  twice,  in  the  middle  of  the  two  adjacent  sides,  taking  out 
a  rectangular  corner  piece  from  the  whole  sample.  The  corner  ^ich 
comes  from  the  center  of  the  sample  is  marked  clearly,  also,  warp 
and  fillingdirection,  the  sample  number  and  the  stress  levels  are 


*Laminac  is  a  polyester  monomer  made  by  American  Cyanimde  Co. 
**Lupersol  DPM  is  a  catalyst  made  by  Wallace  and  Tieraan  Corp. Buffalo. 
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scratched  on  the  top  surface  for  easy  identification.  The  two 
adjacent  sides  of  the  marked  corner  are  then  polished  for  warp 
and  filling  x-section  on  an  abrader  and  a  polishing  wheel  until 
the  desired  sections  are  obtained.  Fig.  55  shows  the  various 
geometrical  parameters  measured.  These  are  also  listed  below: 

p^  spacing  between  two  adjacent  warp  ends. 

p^  spacing  between  two  adjacent  filling  picks 

L  length  of  wairp  between  two  adjacent  filling  picks, 

w 

length  of  fill  between  two  adjacent  warp  ends. 

9  angle  of  inclination  between  the  warp  yarn  and  the 

horizontal  plane  of  the  fabric. 

G_  angle  of  inclination  between  the  filling  yarns  and 
horizontal  plane  of  the  fabric. 

H  thickness  of  the  fabric.  . 

1  "Pf 

C  c  crimp  of  the  yarns  defined  as  c  »  - - 

w,  f  w 

d^  ^  yarn  diameters  in  warp  and  filling 


The  biaxial  stress  conditions  imposed  on  the  fabrics  were 
initially  selected  at  uniform  intervals  over  a  range  proportional 
to  the  tensile  strength  of  each  parachute  cloth.  Later  in  the 
program  measurements  of  the  biaxial  stresses  developed  in  each 
fabric  on  the  hydrostatic  test  unit  (at  3,  6,  9  and  12  p.s.i.  res¬ 
pectively)  were  used  to  set  the  stress  levels  of  the  Instron  biaxi?i 
stress  device.  Xn  this  way  direct  geometric  studies  could  be  under¬ 
taken  on  the  fabric  under  the  specific  conditions  of  the  air  flow 
tests  in  the  ''prostress"  series.  The  "successive  slice"  technique 
vdiich  was  so  timo  consuming  was  restricted  to  fabric  E9  (Figures 
53  to  54.3,  inclusive).  The  E9  stress  levels  in  the  successive 
slice  pore  studi.5s  were  0/0  and  100/100  Ibs/in.,  warp  and  filling. 

The  sections  of  E9  taken  at  other  stress  levels  were  limited 
to  the  yarn  centers,  or  unit  cell  boundaries.  These  latter  sections 
are  shown  in  Figures  61.1  to  614  Inclusive.  Similar  center  yarn 
sections  taken  of  Fabric  ElO  are  shown  in  Figures  62.1  to  62.7  in¬ 
clusive.  Fabric  S3  sections  are  presented  in  Figures  63.1  and  63.2 
while  Fabric  S6  sections  appear  in  Figures  64.1  to  64.3  inclusive. 

The  weave  structures  and  local  yarn  distortions  of  the  various 
parachute  cloths  are  pictured  in  Figures  57  to  60  inclusive.  The 
original  data  of  the  various  measurements  made  of  the  above  listed 
parameters  are  not  Included  in  this  report.  Suffice  it  to  say  that 
the  primary  geometric  information  needed  is  contained  in  the  cross 
sectional  representations.  The  measurements  of  spacings  in  the 
distorted  sections  were  used  to  check  the  strain  readings  made 
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directly  on  the  hydrostatically  stressed  specimens  (Figures  39-50  in¬ 
clusive)  .  The  measurements  of  the  horizontal  diameter  changes  in  warp 
and  filling,  are  presented  graphically  in  Figures  65  to  68  inclusive. 
These  graphs  also  show  the  changes  effected  in  criit^  (length  minus 
spacing  divided  by  spacing,  or  the  'degree'  of  waviness).  Change  in 
angle  of  inclination  is  likewise  shown. 

A  practical  difficulty  in  using  geometric  measurements  of  fabric 
cross  sections  to  check  direct  strain  readings  involves  the  matter  of 
sampling.  One  is  forced  in  a  detailed  section  to  deal  with  single  or 
even  a  few  unit  cells.  The  direct  strain  reading  on  the  other  hand  is 
based  on  50,  100  or  150  unit  cells,  with  no  extra  effort.  It  was 
therefore  not  unexpected  to  find  wide  discrepancies  in  local  strains 
based  on  unit  cell  readings  in  one  case  and  multiple  cell  readings  in 
the  other  case.  That  the  difficulty  of  attaching  absolute  quantities 
to  the  data  based  on  the  fabric  sections  is  principally  statistical 
is  proved  by  a  separate  series  of  tests  on  fabric  cross  sections.  In 
these  tests  a  filar  micrometer  was  used  to  traverse  a  variable  number 
of  unit  cells  to  measure  effective  strain.  As  the  number  of  unit  cells 
traversed  was  increased,  the  agreement  between  'sectional'  strain  read¬ 
ings  and  'planar'  strain  readings  (See  Figure  38)  improved  to  an 
acceptable  level. 

The  wide  variation  between  individual  weave  cell  dimensions  poin¬ 
ted  up  in  the  strain  study  throws  some  doubt  on  the  absolute  value 
of  the  detailed  geometric  representations  recorded  in  the  figures 
which  follow  this  page.  But  it  must  be  recalled  that  the  strain 
reading  taken  at  successive  stress  levels  automatically  includes  a 
few  pore  readings  in  the  unstrained  condition  as  its  basis  of  com¬ 
parison.  Thus  a  high  variation  for  that  pore  grouping  and  the  expected 
error  in  judging  the  boundaries  of  its  unit  cells,  can  combine  to  affect 
significantly  all  subsequent  strain  readings  for  the  given  fabric  based 
on  small  sections  of  an  embedded  cross  section. 

Other  geometric  readings  of  pore  and  unit  cell  geometry  do  not 
depend  on  comparisons  with  the  tonstressed  state.  These  include  crimp, 
c,  inclination  angle  0  and  horizontal  diameter,  d.  Their  values  based 
on  single  or  a  few  pore  readings  will  vary  considerably.  But  in  plot¬ 
ting  the  changes  in  these  parameters  with  stress  (Figures  65-68  inclu¬ 
sive  and  Table  9)  an  averaging  process  from  stress  level  to  stress 
level  smooths  the  data  and  provides  a  consistent  picture  of  the  rela¬ 
tive  behavior  of  the  different  woven  structures  during  airflow  tests. 

Fabrics  S3,  S6,  E9  and  £10  were  studied  in  cross-sectional  detail. 
Fabrics  E9  and  ElO  are  both  basket  weaves  (2x2)  as  seen  in  Figure  69. 
Fabric  S-3  provides  a  plain  weaving  end  on  either  side  of  a  block  of 
two  pick  floats.  It  is  the  plain  weave  end  of  S-3  that  is  pictured 
in  Figure  63.1  and  63.2.  Likewise  the  plain  weave  end  of  Fabric  S6 
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Figure  53.  Successive  Cross  Sections  of  Fobric  E-9.  Unstressed. 


Figure  54.  Successive  Cross  Section  of  Fobric  E*9.  Stressed  ICX)  x  100  ibs/inch 


RG*54.2  Filling  Section  of  Fabric  E>  9  Stressed 
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Rgure  55  Geometry  of  Cloth  Structure 


VtS’P  cross  iwCiiOti 


Fling  cross  section 


Figure  56.  Corner  of  Embedded  Fobric  Showing  Successive  Slices 
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FIGURE  57.  FABRIC  S6  20X 
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Section  of  Fobric  E*9. 
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Figure  622.  Section  of  Fobric  E-IO 
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Fifur*  62.4-  Sfctions  of  fobric  E'lO- 
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Figure  62.5.  Sections  of  Fobric  E~10. 
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FiQurc  62.6-  Stctionof  Fobric  E'JO 
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Figure  62  J.  Section*  of  Fabric  E-IO. 
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Figure  63.2  Section  of  Fobric  S-3 
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Figure  C4-.I.  Section  of  Fobric  S 
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STRESS  LEVEL  (ibt  /  in.) 

Figure  65 .  Changes  in  Fobric  (^ometry  Induced  by  Stress  in 
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STRESS  LEVE 
Figure  66.  Chonges  in  Fabric  Geo 
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STRESS  LEVEL  (lbs/  inj 

Figure  68.  Changes  in  Fabric  Geometry  induced  by  Stress  in  E*(0. 


TABLE  9 


Biaxial  Stress  Tests  on  Parachute  Cloth 


Specimen  Stress  Conditions  (Ibs/in)  warp/filling 


E9 

ElO 

S3 

S6 


0/0 

25/25 

37%/37^ 

“  1 

50/50 

75/75 

100/100 

150/150 

0/0 

25/25 

50/50 

75/75 

100/100 

125/125 

150/150 

15.3A2 

23/20 

39/3L5 

56/45 

80/66 

0/0 

14/ 10 

16/12 

23/17 

30/23.5 

46/35 

0/0 

25/25 

50/50 

75/75 

100/100 

10/10 

17/17 

35/35 

is  represented  in  Figures  64.1  -  64.3  as  it  flanks  a  three  pick 
float  (Figures  57  and  69.)  Fabric  S5  proved  particularly  difficult 
to  section  along  the  plain  weaving  yarn  because  of  the  extensive 
lateral  yarn  distortion  which  takes  place  in  the  plane  of  the  cloth. 
This  is  charncteristic  of  the  'pinching'  tendency  of  the  three  pick 
float.  Similar  lateral  distortion  is  observed  for  Fabric  S3,  and 
even  in  the  2x2  basket  weaves  of  E9  and  ElO  a  marked  in- cloth-plane 
distortion  is  present.  These  distortions  do  affect  the  pore  dimen¬ 
sions  and  shapes  in  a  way  which  is  discussed  in  the  next  section  of 
this  report. 

Geometry  Stress  and  Airflow 

It  remains  to  discuss  the  results  obtained  in  the  prestress  air¬ 
flow  experiments,  the  hydrostatic  pressure  tests  and  the  biaxial  stress 
embedding  process.  For  all  three  phases  were  conducted  with  a  view  to 
understanding  the  distortion  of  parachute  cloth  during  an  airflow  test 
and  the  way  this  distortion  influences  the  flow.  In  addition  it  was 
expected  that  the  biaxial  stress  embedding  studies  could  throw  some 
light  on  the  "air  stream  deflection'"  tendencies  of  certain  of  the  fab¬ 
rics  tested  during  the  program.  Consider  the  "deflection  tendency" 
first. 


It  has  been  reported  that  the  thin  fabrics  S3,  S6  and  S8  do  not 
deflect  the  airstream  passing  through  them  to  a  significant  degree. 

These  fabrics  are  constructed  of  115x115,  470x565,  and  115x125  denier 
yarns  respectively  -  decidedly  on  the  thin  side.  Fabrics  E6  and  E9 
show  strong  deflection  tendencies,  depending  on  the  conditions  of 
test,  and  have  903x917  and  1250x1290  denier  yams  respectively.  The 
relative  thickness  and  channelling  of  S3,  S6  and  S8  versus  E6  and  E9 
can  be  easily  realized  by  comparisons  of  the  sections  of  E9  and  ElO 
(940x980  denier  yarns)  in  Figures  61  and  62  with  those  of  S3  and  S6 
in  Figures  63  and  64  respectively. 

In  addition  to  the  thickness  of  their  yarns,  Fabrics  E6  and  E9 
viiich  show  maximum  deflection  tendencies,  share  another  constructional 
feature.  They  are  both  basket  weaves  (2x2),  as  is  Fabric  ElO.  But 
the  basket  weave  appears  to  be  completely  symmetrical  at  first  glance. 

Mhy  then  should  an  air  stream  entering  its  pores  be  deflected  in  a  pre¬ 
ferred  direction.  The  answer  appears  in  our  consideration  of  the  complex 
interaction  betvjeen  yam  and  cloth  structure.  Two  factors  tend  to  dis¬ 
turb  the  ortho- symmetry  of  the  fabrics  at  hand:  the  planar  non- symmetry 
of  the  weaving  operation  and  the  inclination  of  the  fibers  to  the  yam 
axes — that  is  the  direction  of  yarn  twist. 

One  can  readily  observe  the  presence  of  small  pores  and  large 
pores  across  the  surface  of  the  basket  weave.  This  difference  in 
pore  sizes  is  systematic  and  follows  directly  from  the  buckling 
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tendency  of  the  crimped  twisted  yarns.  One  observes  it  easily  in  Fig. 

58,  the  surface  photograph  of  fabric  ElO  and  in  the  sectional  tracings 
of  Figures  53  and  54  (in  particular  at  sections  3  and  6  and  3,  6  and 
10  respectively.  The  instability  of  crimped  and  twisted  yams  is  well 
known  in  the  field  of  textile  technology.  It  is  responsible  for  such 
effects  as  local  buckling,  shrinkage,  creping  and  twill  dominance.  Wliere 
the  asymmetry  of  tl\e  weave  assists  the  natural  buckling  tendency  of  the 
yarn  the  yarn  twist  will  be  relieved  locally  when  the  yam  axis  forms  a 
helix  of  the  same  direction) .  The  weave  asymmetry  may,  on  the  other  hand, 
prevent  the  yam  from  buckling  (as  occurs  when  tvri.ll  and  twist  directioi 's 
are  crossed). 

In  an  ortho-symmetric  weave  like  a  2x2  basket,  tlie  weave  neither 
assists  nor  prevents  buckling  and  it  proceeds  to  a  level  which  depends 
on  the  relative  tightness  of  the  supporting  weave  structure  and  the 
»rist  unbalance  in  the  yarns.  In  open  weaves,  such  as  in  certain  in¬ 
dustrial  filters,  the  buckling  tendency  is  pronounced  and  it  imparts 
an  added  extensibility  to  the  cloth  structure.  In  the  case  at  hand, 
the  degree  of  buckling  is  moderate,  but  it  is  still  sufficient  to  ro¬ 
tate  the  basket  weave  float  clockwise  into  a  Z  helix  (corresponding 
to  the  Z  tvrist  direction).  Ihis  rotation  serves  to  reduce  the  size 
of  the  fabric  pore  at  the  upper  right  hand  comer  of  the  float,  and 
at  its  lower  left  hand  comer.  The  pores  at  the  lower  right  and  up¬ 
per  left  hand  comers  are  correspondingly  enlarged.  Rotation  of  the 
floats  takes  place  on  the  front  and  back  of  the  fabric  in  warp  and 
in  filling,  ail  rotation  serving  to  reinforce  the  enlargement  of  pores 
along  alternate  diagonals. 

This  selective  enlargement  of  fabric  pores  may  account  for  directional 
deflection  effects  in  air  flow  tests  if  it  can  be  shown  that  air  streams 
through  the  large  pores  deflect  in  one  direction  while  those  through  the 
smaller  pores  deflect  in  the  other  direction.  One  can  then  credit  the 
larger  pores  with  dominance  over  the  scene.  But  a  closer  view  of  the  en¬ 
larged  pore,  as  say  in  the  successive  sections  of  Figures  53  and  54  does 
not  provide  overwhelming  evidence  of  a  directional  tendency  in  air  flow 
through  the  pore.  One  pertinent  feature  noticeable  is  the  as3rninetry  of 
the  float  in  its  vertical  plane.  In  the  weaving  process  the  loom  shedding 
motion  is  asymmetric,  as  is  the  beat  up  motion.  As  a  result  the  floats  of 
the  warp  yams  are  not  perfectly  symmetric  relative  to  the  center  plane  of 
the  fabric.  More  are  they  symmetric  fore  and  aft,  that  is  forward  and 
backward  along  their  length  (about  the  center  point).  This  'longitudinal 
asymmetry'  can  be  observed  in  these  basket  weaves  by  moving  the  cross  sec¬ 
tion  along  under  the  microscope  from  warp  float  to  warp  float,  but  it  is 
not  practical  to  reproduce  here  the  numerous  cross  sections  necessary  to 
illustrate  the  point.  Suffice  it  to  say  that  the  longitudinal  asymmetry 
of  floats  in  the  weaving  of  wire  cloth  has  so  reduced  the  uniformity  of 
float  abrasion  that  the  wire  cloth  weavers  have  designed  a  special  ten¬ 
sioning  device  to  level  out  the  float  surface. 
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The  asymmetric  behavior  of  the  warp  float  serves  to  explain  the 
deflection  tendency  of  the  large  pores  in  the  basket  weaves,  Fabrics 
Ed,  E9  and  ElO  Looking  at  a  contiguous  pair  of  warp  floats  in  E9 
under  a  stereoscopic  microscope,  one  can  observe  evidence  of  d.'  'ferent 
V7arp  bending  curvatures  at  the  top  and  bottom  of  the  vjarp  floats. 

Thus,  the  warp  entering  a  given  large  pore  at  the  top  of  its  float 
has  a  different  curvature  than  one  entering  the  same  pore  (from  the 
other  side)  at  the  bottom  of  its  float.  As  a  result,  the  v/arp  yarns 
which  bound  the  pore  are  not  symmetric  about  the  center  plane  of  the 
cloth.  Tlie  yarn  cylinder  vihich  is  further  downstream  along  the  line 
of  air  flow  in  the  pore  will  bend  the  stream  away  from  it,  thus  con¬ 
tributing  to  the  overall  stream  deflection.  This  influence  of  the 
yarn  douTastream  in  a  pore  model  has  been  shovm  experimentally  by 
Fenner  et  al.  (15). 

One  vjould  expect  that  if  the  warp  yarn  behavior  controls  the 
strea..i  deflection  that  the  deflection  angle  would  far  exceed  angle 
cJs.  (Fig.  25.2).  This  is  seen  to  be  the  case  in  Tables  5,7  and  8 
for  Fabrics  E6  and  S9.  Further  one  v7ould  expect  a  reversal  of  the 
fabric  to  alter  the  sign  of  angle  ^  and  leave  angle  o(/ relatively 
untouched.  Tliis  happens  in  Fabric  E9  as  expected,  but  in  E5  the 
results  do  not  show  a  significant  trend. 

One  would  also  expect  that  the  asymmetry  of  the  vjarp  float  will  be 
reduced  if  the  fabric  is  subjected  to  high  tension  in  both  warp  and 
filling,  or  in  warp  alone.  Thus,  at  high  biaxial  stress  levels  the 
fabric  should  flatten  and  the  floats  become  more  symmetric.  Both  of 
these  conditions  should  reduce  the  amount  of  deflection  of  air  flov7 
through  the  pores.  The  uniaxial  warp  tension  should  have  the  greatest 
effect  in  reducing  deflection.  The  data  of  Table  6  shows  a  reduction 
in  airstream  deflection  for  Fabric  E6  V7ith  increased  pressure  drop. 

In  Table  8  Fabric  E9  exposed  over  the  full  air  flow  channel  shov/s  a 
marked  reduction  in  overall  deflection  angle  (/<  as  higher  pressure 
differentials,  hence  higher  biaxial  stresses,  are  put  across  the 
fabric.  But  the  reduction  with  stress  application  of  angle  is 
accompanied  by  a  similar  reduction  in  o6  •  Thus,  it  appears  that 
while  the  asynmietry  of  the  warp  is  a  principal  cause  of  the  airstream 
deflection,  it  develops  a  corresponding  asymmetry  in  the  filling  yarn 
V7ith  which  it  interlaces  to  form  the  boundaries  of  a  fabric  pore. 
Specimens  E9j^,  E92  and  E93  v;ere  exposed  to  airflow  only  at  the  center 
square  inch  of  uniformly,  biaxially  stressed  cloth.  At  this  central 
point  the  stress  level  appears  to  have  much  less  effect  on  the 
deflection  angles  than  for  the  case  of  E9  exposed  over  the  entire 
specimen. 

We  nov7  consider  the  influence  of  stress  on  the  airflow  character¬ 
istics  of  the  test  fabrics.  Tiie  summary  of  prestress  test  data  can 
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be  found  in  Figs.  32  to  35  inclusive.  Tliese  data  are  to  be  com¬ 
pared  with  the  hydrostatic  test  data  plotted  in  Figs.  39  to  50 
inclusive  and  with  the  stress-embedding  studies  of  Figs.  61  to  38 
inclusive. 

Fabric  S3  is  the  lightest  material  of  the  group  and  it  is 
expected  that  prestressing  will  have  the  greatest  influence  on  the 
permeability  of  this  material.  The  relatively  thin  construction  of 
S3  is  seen  in  Fig.  63.  Its  relative  softness  to  stress  application 
is  seen  in  Fig.  44,  with  the  warp  acting  significantly  stiffer 
than  the  filling  at  all  levels  of  hydrostatic  pressure.  Tlius  one 
expects  considerably  more  reduction  in  filling  crimp  and  inclination 
angles,  a  feature  observed  in  Fig.  65.  And  for  such  high  extensi¬ 
bilities  of  about  eight  (8)  per  cent  at  20  Ibs/in  biaxial  load 
(corresponding  to  the  0  psig  prestress  pressure),  one  expects  that 
the  'prestress'  permeabilities  will  range  far  above  the  zero  pre¬ 
stress  tests.  In  fact,  at  low  Ap's  across  the  fabric,  prestress 
permeabilities  are  from  50  to  100%  higher  than  the  zero  prestress 
values. 

Fig.  46  shows  Fabric  S8  to  be  initially  stiffer  than  Fabric  S3, 
but  unbalanced  in  similar  fashion  warp  vs.  filling.  While  increased 
fabric  stiffness  should  decrease  the  effect  of  prestressing  on  per¬ 
meability  it  must  be  rernerabered  that  the  prestress  in  the  experiments 
reported  here  is  provided  by  a  hydrostatic  pressure.  TIius,  for  the 
same  3  psig.  Fabric  S8  encounters  12  x  7  Ibs/in  tension  in  warp  and 
filling,  V7hile  fabric  .S3  encounters  nnly  8x6  Ibs/in.  A.t  j  psig 
Fabric  S8  encounters  17  x  11  Ibs/in  and  Fabric  S3  17  x  12  Ibs/in. 

It  is  expected  thcr,,  that  Fabric  S8  at  the  lower  pressure  differentials 
and  lower  prestress  values  is  in  fact  being  subjected  to  a  harsher 
test  condition.  Despite  this,  the  prestress  permeability  of  Fabric 
S8  up  to  40  inches  of  water,  is  about  25%  greater  than  the  unpre- 
stressed  permeability. 

Sample  S6  data  are  reported  in  Fig.  40.  Here  we  observe  a 
balanced  performance  for  warp  and  filling.  Tnis  is  reflected  to 
some  extent  in  the  parallel  behavior  of  crimp  and  inclination  angles 
in  Fig.  66.  The  average  extension  of  So  at  tlie  low  prestress  levels 
is  of  the  same  order  as  that  of  S8  (averaged  for  warp  and  filling) 
and  the  prestress  permeabilities  are  about  equally  higher  than  the 
zero  prestress  values  for  both  S8  and  S6.  But  at  the  higher  hydro¬ 
static  prestress  levels  S6  is  much  stiffer  than  S8  and  the  prestress 
extensions  are  significantly  lower  (despite  the  higher  biaxial  stress 
levels).  As  a  result  the  prestress  permeability  increases  (at  this 
higher  prestress  level)  are  less  for  So  than  for  S8.  Thus,  the  full 
stress-strain  behavior  of  the  fabric  under  biaxial  stress  conditions 
is  seen  to  influence  the  relative  permeabilities  to  a  significant  degree. 
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Fabric  filO  data  are  plotted  in  Figs.  35,  42  and  68.  In  Fig. 

•38  we  observe  a  marked  change  in  crimp  levels  at  low  stress  levels, 
in  warp  and  filling.  This  accounts  for  the  lower  fabric  modulus 
at  low  stresses  shovm  in  Fig.  42,  foliov.’ed  by  the  higher  modulus 
at  higher  stresses.  Tlie  permeability  increase  due  to  prestress 
extensions  for  ElO  are  of  the  same  order  of  magnitude  as  for  S6 
at  lov:  pressure  drops.  At  higher  pressure  drops  across  the  fabric 
the  higher  prestress  permeability  data  are  also  grouped  together 
as  in  So  reflecting  high  sample  stiffness,  while  in  the  softer 
fabric  S3  the  prestress  perraeability  data  are  markedly  separate. 
Again  the  stress- strain  behavior  of  the  cloth  is  seen  to  have  a 
dominant  effect  on  its  relative  permeability  under  the  prestress 
test  conditions. 
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CONCLUSIONS 


Based  on  the  results  o.f  the  hi3h  altitude  flow  studies  the 
.Collowins  conclusions  V7cre  readied. 

1.  Good  experimental  data  vjere  obtained  for  Fabrics  S3,  S^ 
and  ilC*  over  a  ran,a  o:  altitudes  fron  5C,0r:0  to  150,000  feet  and 
for  pressure  differences  up  to  1000  inches  v'ater.  The  values  of 
the  flow  rates  at  these  altitudes  are  the  correct  order  of  magni¬ 
tude  based  on  a  simple  nozzle  flow  analogy.  The  observed  varia¬ 
tion  of  flow  rate  with  altitude,  for  a  given  ^p,  did  not  alv/ays 
follov;  the  expected  trend  that  lower  flovj  rates  should  occur  at 
higher  altitudes.  However,  this  discrepancy  raay  be  due  to  the 
variability  of  the  geometric  porosity  of  fabric  samples. 

2.  The  variation  of  flow  rate,  at  a  given  Ap,  with  altitude 
is  very  difficult  to  measure  even  with  an  accurate  flow  nieasureiaent 
system  since  the  jeometric  porosity  of  fabric  samples  is  liable  to 
vary  considerably  even  for  saraples  taken  from  the  same  fabric  lot. 

Tlie  accurate  measurement  of  this  variation  becomes  progressively 
more  difficult  as  the  altitude  is  increased,  especially  beyond  al¬ 
titudes  of  50,00j  feat. 

3.  The  calculated  values  cf  effective  porosity  and  geometric 
porosity  for  Fabrics  S3,  and  210  are  in  good  agreement  with  va¬ 
lues  from  the  literature. 

4.  A  method  of  preuiccing  flov;  rate  data  for  fabrics  used 
under  hijn  altitude  conditions  from  tie  corresponding  data  under 
sea-level  conditions  has  been  developed  and  verified.  Tne  agree- 
raent  betv;een  the  measured  and  predicted  flow  rates  for  Fabrics  S3 
and  S.’  is  excellent.  The  discrepancy  betv/een  measured  and  predic¬ 
ted  flow  rates  for  Fabric  SIO  is  not  j^et  clearly  understood  but  may 
be  due  to  difficulties  in  obtaining  reprcduciblo  data  for  this  fab¬ 
ric.  Additional  experimental  work  sh.ould  be  done  on  Fabric  210. 

Tills  method  has  been  verified  for  values  of  Apgreater  than  100  j.nches 
water,  but  further  careful  experimental  studies  should  be  done  for 
values  of^Ap  less  than  100  inches  water. 

5.  Since  the  method  of  predicting  flov?  rate  data  for  fabrics 
under  high  altitude  conditions  has  proven  so  successful,  it  would 
seem  that  further  experimental  prograuis  to  obtain  flow  rate  data 
for  fabrics  at  altitudes  beyond  150,000  feet  are  unnecessary  unless 
the  area  of  interest  is  restricted  to  rather  low  values  of  Ap,  i.e. 
100  inches  of  water  or  less.  As  nev;  fabrics  are  produced,  flow  rate 
data  can  be  obtained  under  sea-level  conditions  using  standard  perme- 
ometers  and  then  the  high  altitude  data  can  be  predicted.  Additional 
tests  should  be  made  on  fabrics  in  order  to  determine  any  limitations 
on  the  method  of  predicting  high  altitude  data. 
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Based  on  the  resvdts  oc  the  prestress,  hydrostatic,  strea'.ii 
deflection,  and  geometric  studies  the  following  conclusions  were 
reached: 

1.  Deflection  of  an  airstream  as  it  passes  through  a  woven 
parachute  fabric  is  dependent  on  the  initial  geometry  of  the  fabric 
pores  and  on  the  state  of  stress  to  which  the  fabric  is  subiected 
during  the  test.  The  effect  is  not  observed  in  thin  cloths.  In 
thick  cloth  the  deflection  can  be  traced  to  th.e  influence  cf  pore 
as^-mmetry  arising  from  tvjist- weave  interactions  and  from  the  basic 
asymmetry  about  the  cloth-center-plane  introduced  by  the  v/eaving 
operation.  The  deflection  angle  for  a  given  cloth  is  dependent  on 
airflow  test  conditions  on  fabric  stress,  and  pressure  differentials. 
It  is  therefore  unlikely  that  the  deflection  phenomenon  can  be  ised 
effectively  as  a  practical  design  parameter  in  construction  of 
parachutes.  Its  existence  and  order  of  magnitude,  however,  should 

be  kept  in  mind  in  any  critical  study  of  the  influence  of  permeability 
on  parachute  performance. 

2.  In  tests  on  Fabric  S8  taken  from  six  jump  and  thirteen 
jump  canopies  respectively,  no  significant  change  from  the  original 
permeability  or  stress-strain  behavior  was  observed.  The  aging 
effect  of  thirteen  jumps  can  be  termed  negligible  in  this  case. 

3.  Air  flow  tests  on  woven  cloths  based  on  fixed  specimen 
dimensions  can  give  misleading  results  if  no  account  is  taken  of 
fabric  stress  buildup  during  the  air  flow  measurements.  The 
cloths  tested  in  this  program  extend  significantly  at  lox7  biaxial 
tensions.  Airflow  differences  at  lotc  pressure  differentials 
which  result  from  these  extensions  range  from  25  to  100%  of  the 
measurements  taken  in  the  conventional  manner.  This  early 
extension  is  not  the  result  of  crimp  interchange  but  rather 

the  result  of  overall  crimp  reduction  following  from  yarn  flattening 
and  yarn  extension.  Tiiese  effects  have  been  demonstrated  in 
independent  tests  of  prestress  air  flow  behavior,  in  hydrostatic- 
biaxial  stress  tests,  and  in  extensive  geometric  studies  of  stress- 
embedded  samples. 
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RECa-IMENDATIONS 


As  a  result  of  the  air  flox7  studies  v;hich  have  been  done  during 
this  research  program,  the  following  recommendations  are  made: 

1.  A  critical  study  should  be  made  of  methods  for  using  flov; 
rate  data  taken  under  sea- level  conditions  to  predict  flow  rate  data 
under  high  altitude  conditions.  Special  attention  should  be  given  to 
t'le  range  of  pressure  differences  across  the  fabric  extending  from  0 
to  1''.0  inches  water,  since  in  this  range  the  nozzle  flov;  analogy  des¬ 
cribed  in  this  report  may  not  be  valid  due  to  Reynolds  number  effects. 
Ti.e  methods  developed  should  be  tested  using  available  data  taken 
under  sea- level  and  high  altitude  conditions.  The  development  of 
such  '.ethods  would  obviously  eliminate  a  large  amount  of  testing  of 
fabrics  under  high  altitude  conditions,  since  only  sea-level  data 
v.’ould  have  to  be  taken. 

2.  .\n  experimental  program  should  be  started  to  measure  air 
flov;  characteristics  of  fabrics  under  a  range  of  altitude  conditions 
extending  from  sea- level  to  about  150,000  feet  and  a  range  of  pres¬ 
sure  differences  extending  from  0  to  100  inches  water.  Such  data 
v’ocld  be  Lseful  in  themselves  and  for  purposes  of  studying  the 
net'-cds  described  above.  Tliis  program  could  also  include  tests  on 
so..e  .letal  screens  v;here  the  geometric  porosity  could  be  controlled 
and  ..'easured. 

3.  .“^n  experii.iental  program  should  be  started  to  measure  air- 
flcv'  rharacteristics  of  textile  and  metallic  fabrics  over  a  tempera¬ 
ture  range  extending  up  to  about  1000°F.  Ti’.e  altitude  and  pressure 
di  f f erence  conditions  sh-ould  be  as  broad  as  possible  but  concentrated 
:'n  t.  cse  regions  of  present  practical  interest. 

4.  A  critical  study  should  be  undertaken  to  extract  from 
ctrrint  parachute  research  all  evidence  of  canopy  stress  buildup 
durin;  deployment  and  steady  state  descent.  Time  and  temperature 
factors  pertinent  to  parachute  usage  and  stress  application  should 
be  observed.  An  experimental  program  should  be  undertaken  so  as  to 
provide  information  on  the  air  flow  characteristics  of  canopy  clotns 
and  the  specific  restricted  range  of  temperature,  stress-level,  and 
rats  rf  stress  application  v;hich  they  meet  in  critical  uses. 
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Weave  Potter  ns  of  Test  Fabrics 
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AI'PENDIX  II 


DETAILS  OF  AIR  CCK'IPRESSOR  AND  AIR  EJECTOR  SYSTEMS 
kir-  Conpressor 

The  ai.r  supply  for  the  peruieometer  was  a  tv70- stage,  r.iOtor 
driven,  reciprocating  air  compressor  manufactured  by  the  Joy 
Manufacturing  Company  oC  Michigan  City,  Indiana.  The  lov;  pressure 
stage  has  a  10  inch  c’ianeter  boro  and  a  7  inc’n  stroke,  while  the 
high  pressure  stage  has  a  5  inch  diameter  bore  and  a  7  inch  stroke. 
This  conpressor  is  a  Class  WM-ii2,  Size  10-5x7,  Model  >'■  Joy 
Conpressor.  The  conpressor  has  an  intercooler  and  an  aftcrcoolor. 
The  air  from  the  ccnpressor  enters  a  receiver  tank  and  then  flows 
to  ti;e  per.’.eometer.  A  by-pass  control  system  has  been  installed 
on  tne  line  from  the  receiver  tank  i;hich  perr.iits  extremely  accurate 
control  of  the  air  pressure  at  the  perneoneter.  At  a  discharge 
pressure  of  150  psia,  the  compressor  has  a  volumetric  efficiency 
of  80.4%,  a  voluiiie  flov?  rate  of  29o  SCFM,  and  a  mass  rate  of  flow 
of  22.2  Ibm  air/min. 

Air  Ejector 

The  lov7  pressure  source  for  the  dov;nstream  side  of  the  fabric 
was  a  three  stage,  steam  driven,  air  ejector.  Manufactured  by  the 
Elliott  Company,  Inc.,  of  Jeannette,  Pa.  Tl’.e  official  Elliott 
designation  V7as  8  M  3  B32  three  stage  ejector. 

The  ejector  is  supplied  with  steam  at  1S5  psia  and  380  F. 
Normally,  air  enters  the  suction  of  the  first  stage  and  is  mixed 
V7itli  about  250  Ibm  steam/hr.  This  mixture  then  flows  to  the 
suction  of  the  second  stage  where  another  1000  Ibm  steam/hr  are 
added.  Tire  air  and  1250  Iba  steam/hr  then  enter  a  barometric 
intercondenser  where  about  160  gpm  of  cooling  water  are  used  to 
condense  the  steam.  Instead  of  using  a  barometric  leg  on  the 
intercondenser  of  34  feet  of  water,  a  centrifugal  pump  is  used  to 
remove  the  condensate  and  cooling  water  from  the  intercondenser. 

The  cooling  V7ater  is  supplied  to  the  intercondenser  by  means  of  a 
vacuum  lift.  Tlie  air  and  a  small  amount  of  steam  leave  the  inter¬ 
condenser  and  enter  the  suction  of  the  third  stage  where  another 
1100  Ibm  steam/hr  are  added.  The  air  and  this  final  steam  flow 
leave  the  third  stage  and  pass  to  an  af tercondensar  where  most  of 
the  steam  is  condensed.  The  af tercondenser  is  a  four-pass,  shell 
and  tube  heat  exchanger.  The  air  is  then  discharged  from  the  after¬ 
condenser  to  the  laboratory,  lihen  all  three  stages  are  used,  the 
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prassure  at  the  suction  of  the  first  stage  v/ill  vary  but’.eea 
I  and  36  nmi  Hg.  abs.  depending  on  the  air  f].ov7  rate.  The 
first  stage  has  a  discharge  pressure  of  about  1.25  inch  Hg.  abs. 
while  the  second  stage  discharges  to  the  intercondenser  at  a 
pressure  of  about  5.5  inch  Hg.  abs.  Tne  third  stage  discharge 
pressure  is  about  31.5  inch  Hg.  abs. 

The  air  ejector  was  designed  to  inaincain  a  pressure  of 
4  nir.i  Hg.  abs.  at  the  suction  of  the  first  stage  while  handling 
120  ibm  air/hr.  At  "dead-end''  conditions,  the  pressure  was  to 
be  less  than  1  mm  Hg.  abs.  The  elector  was  also  designed  co 
operate  in  a  stable  manner  for  flow  rates  up  to  370  Ibm  air/hr 
at  a  pressure  36  r.tr.i  Hg.  abs. 

For  tests  at  the  lower  altitudes  only  the  third  stage 
ejector  was  used. 
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AITENDIX  III 


FLOW  MEASURING  SYSTEM 

ll'e  air  flow  rate  through  the  fabric  x^as  measured  using  a 
calibrated  Fischer  and  Porter  Company  rotameter.  The  rotameter 
employed  a  Number  10-1733,  Size  8  glass  tube.  The  Number  BSx267 
floctc  was  used  for  i.tass  flow  j.'aLcs  fi-Oui  2  to  23  Ibm  air/hr.  vjhen 
the  rotameter  was  supplied  v;ith  air  at  2  psia  and  70F.  For 
higher  flor  rates,  a  Number  B-NSVT  84  float  x^as  used.  Tliis 
latter  float  covered  mass  flov?  rates  from  50  to  510  Ibm  air/hr 
x;hen  the  rotameter  x;as  supplied  X'7ith  air  at  36  psia  and  70F. 

Tne  method  of  calculating  the  mass  flow  rate  through  the  rotameter 
xchan  the  inlet  conditions  are  different  than  those  mentioned  above 
has  been  discussed  in  the  main  body  of  this  report. 

In  order  to  obtain  the  greatest  possible  accuracy  from  the 
rota-.eter  it  was  calibrated  against  the  gasometer  in  the  Mechanical 
Ea^ineering  Laboratory  at  M.I.T.  For  rotameter  inlet  pressures 
^reater  than  atmospheric  pressure,  air  x^as  supplied  to  the  rota- 
rxeter  by  the  Joy  air  compressor.  After  steady  state  .Tlow  condi¬ 
tions  had  been  established,  the  air  flow  from  the  rotameter  was 
sx.’itched  to  the  gasometer  for  a  mass  flov;  rate  measurement.  For 
rotameter  inlet  pressures  less  than  atmospheric  pressure,  air  was 
draxm  through  the  rotameter  using  the  air  ejector.  After  steady 
state  flox;  conditions  had  been  established,  the  air  flow  to  the 
rotameter  v;as  supplied  from  the  gasometer  for  a  raass  flox';  rate 
measurement.  The  entire  piping  system  xms  carefully  tested  for 
leaks. 


The  calibration  data  for  the  Ntuaber  B-NSVT  84  float  x^ere 
taken  at  an  inlet  pressure  of  30  psia  and  v;ere  within  less  than 
il75  of  the  calibration  curve  supplied  by  the  Fischer  and  Porter 
Ccmp^>ny  over  the  entire  mass  flov;  rate  range.  In  order  to  check 
the  use  of  Equation  (1)  to  predict  mass  flov;  rates  at  inlet 
pressures  other  than  36  psia,  data  v;ere  taken  at  inlet  pressures 
betx;een  16  psia  and  22  psia.  t/nen  these  flov;  rates  were  referred 
back  to  an  inlet  pressure  of  36  psia  by  Equation  (1),  these 
values  were  also  x;ithin  less  than  -  1%  of  the  Fischer  and  Porter 
calibration  curve. 

At  a  mass  flov;  rate  of  abou*-  24  Ibm  air/hr,  the  average 
calibration  curve  for  float  Number  BSx367  indicated  a  mass  flov; 
rate  v;hich  v;as  about  5%  higher  than  that  indicated  by  the 
Fischer  and  Porter  calibration  curve.  Hov;evcr,  all  the  calibration 
data  taken  at  an  inlet  pressure  of  2  psia  x;erc  x’ithin  less  than  i  17. 
of  their  ovm  mean  curve. 
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